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With recent advancements in material science, industrial operations are being conducted at higher and 
higher temperatures.  This is apparent in the nuclear industry where a division of the field is working to 
develop the High Temperature Gas Reactor and the Very High Temperature Gas Reactor concurrently.  
Both of these facilities will have outlet gas temperatures that are at significantly higher temperatures than 
the typical water cooled reactor.  These increased temperatures provide improved efficiency for the 
production of hydrogen, provide direct heating for oil refineries, or more efficient electricity generation.  
As high temperature operations are being developed, instruments capable of measuring the operating 
parameters must be developed concurrently. Within the gas reactor community there is a need to 
measure the impurities within the primary coolant.  Current devices will not survive the temperature and 
radiation environments of a nuclear reactor.  An instrument is needed to measure the impurities within 
the coolant while living inside the reactor, where this instrument would measure the amount of the 
impurity within the coolant. 
There are many industrial applications that need to measure the ratio of two components, whether it be 
the amount of particulate in air that is typical to pneumatic pumping, or the liquid to gas ratio in natural 
gas as it flows through a pipeline.  All of the measurements in these applications can be met using a 
capacitance sensor.  Current capacitance sensors are built to operate at ambient temperatures with only 
one company producing a product that will handle a temperature of up to 400  °C.  This maximum 
operating temperature is much too low to measure the gas characteristics in the High Temperature Gas 
Reactor.  If this measurement technique were to be improved to operate at the expected temperatures, 
the coolant within the primary loop could be monitored for water leaks in the steam generator, carbon 
dust buildup entrained in the flow, or used to measure the purity of the coolant itself.   
This work details the efforts conducted to develop such an instrument.  While the concept of designing a 
capacitance sensor to measure a gas mixture is not unique, the application of using a capacitance sensor 
within a nuclear reactor is a new application.  This application requires the development of an instrument 
that will survive a high temperature nuclear reactor environment and operate at a sensitivity not found in 
current applications. To prove this technique, instrument prototypes were built and tested in confined environments and at high temperatures.  This work discusses the proof of concept testing and outlines an 
application in the High Temperature Test Facility to increase the operational understanding of the 
instrument. This work is the first step toward the ultimate outcome of this work, which is to provide a 
new tool to the gas reactor community allowing real-time measurements of coolant properties within the 
core.     
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Development of a Binary Mixture Gas Composition Instrument for Use in a Confined 
High Temperature Environment 
1  PURPOSE AND SCOPE OF THE WORK
An article published during the spring of 2011 in the Wall Street Journal discussing the floods in the upper 
Mississippi River basin makes the statement: “Nature is perfect; engineers are not. As recent experience 
in Japan demonstrates, if humans make a mistake against nature, nature will find and exploit it” [1].  At 
first glance this statement may make a student of engineering feel like studying business, but with further 
observation that same student may find a challenge hidden inside the statement. The challenge is to work 
with nature instead of predicting how it will respond.  By “working with nature” the engineer can develop 
a system that will be less susceptible to failures driven by natural events.  The issue that arises when 
engineers attempt to build a machine strong enough to survive a given earthquake is what happens if the 
earthquake is twice as large?  Statistically the odds of that happening are low, but as seen in Fukushima, 
very improbable events can occur. Some new designs such as the Électricité de France,  designed 
European Pressurized Water Reactor increase the complexity of the system to ensure a safer reactor 
through increased redundancy. This increase in redundancy will increase the plant’s survivability but will 
not decrease the plant’s susceptibility to natural events.  Other designs, such  as the Westinghouse 
designed Advanced Plant (AP) 1000 reduce the complexity to ensure a safer design.  Since neither of these 
designs are actually operating, it is difficult to say which one would have survived the events in Japan 
better, but a system to protect the reactor that doesn’t require the pumping of fluids  or externally 
supplied electricity to keep the core cool would appear to be less susceptible since there are simply fewer 
components to fail.  
As the world’s population requires increasingly more energy on an annual basis, there is great need for 
energy production that does not produce large amounts of carbon emission, all the while keeping the 
residents surrounding this power source free from harmful toxins.  To do this, systems are needed to be 
designed to better harness the physics of the world around us.  Instead of building a system that needs 
constant pumping to remain safe, build a system that uses natural circulation to maintain the safety.  
Unless gravity is shut off, natural circulation works, the same is not true for a pump.  It is this reason that 
a new fleet of safer, more diverse, and more efficient nuclear reactors are being designed. 
Building devices to use the benefits of natural circulation is not a new concept.   The standard drip coffee 
maker uses natural circulation to get the hot water into the filter.  This concept is also used in nuclear 
submarines when the noise of a mechanical pump would give away their position.  Few, if any, land based 
nuclear reactors built for power production currently operating use passive heat removal and natural 
circulation, but there are currently many designs of Gen-3+ and Gen-4 nuclear reactors that use this  
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phenomenon.  Some designs like the Westinghouse AP 1000 have been approved for construction by the 
U.S. Nuclear Regulatory Commission (NRC).  Other designs are further away from construction approval 
such as a high temperature gas reactor (HTGR).  The basic HTGR design utilizes fuel with a higher melting 
point than standard UO2 pellets and passive heat removal systems to provide a system that is more robust 
and less susceptible to a release of radionuclides, commonly known as a meltdown.  The following section 
will discuss the HTGR design in more detail. 
1.1  HTGR OVERVIEW 
According to a study conducted by Lawrence Livermore National Laboratory, the US consumed 94.6 
Quads
1 of energy during 2009 [2].  Of the 94.6 Quads consumed, 54.64 quads were in the form of heat 
rejected into the atmosphere.  Of the remaining 39.97 Quads used in energy services, 17.43 quads were 
consumed in industrial uses.  Much of this energy is used to provide process heat, whether it is heat to 
crack a hydrocarbon or heat to melt ore in a refinery, 43% of all energy is used in the US by an Industrial 
Plant.  Most of the energy consumed is produced by burning coal, biomass, natural gas, and petroleum.  
These methods of energy generation are all heavy carbon emitters.  There is a need to produce the high 
temperatures used by industrial plants without creating the carbon emissions.  The HTGR is designed to 
meet this need by operating at higher temperatures with a correspondingly higher thermal efficiency as 
compared to a traditional water cooled nuclear reactor.  One of the proposed applications of a HTGR 
would be to build a nuclear reactor in the center of an oil refinery.  The nuclear reactor would produce 
the needed electricity and then use the reactor’s waste heat to provide the process heat necessary to 
refine the oil.  By utilizing the waste heat from the nuclear reactor to provide the necessary process heat 
for the plant the overall system efficiency is greatly increased. 
To provide an increased output temperature, a HTGR is a modification of the traditional water cooled 
reactor.  A HTGR uses a gas, typically Helium, to transport the heat between the heat source and the heat 
sink.  Using a gas instead of water removes the need to ensure that an undesired working fluid phase 
change could occur in the reactor core.  In removing the water, sufficient neutron moderation is no longer 
present and necessitates a core material change from a metal structure to an assembly of large graphite 
hexagonal prisms, which provide the needed moderation.  The nuclear fuel is placed in some of the prisms 
while the rest serve as neutron reflectors. The arrangement of these components within the RPV can be 
seen in Figure 1-1.   
                                                                 
1 A Quad is a unit of energy, which is a quadrillion BTUs or 1x10
15 BTUs or 1.055x10
18 joules  
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Figure 1-1: Detail rendering of a HTGR Reactor Vessel. [3] 
The hot gas leaving the reactor pressure vessel passes through a duct to a power conversion unit, which 
depending on design is typically a gas turbine or a steam generator.  The reactor pressure vessel (RPV) 
and the heat sink are in separate underground cavities composed of reinforced concrete.  Due to the tall 
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and slender nature of a HTGR vessel, significant thermal energy is radiated from the surface of the RPV.  
To remove this energy, the walls of the reactor cavity are surrounded with coolant panels, known as the 
reactor cavity cooling system (RCCS).  This system is either water or air-cooled and is used to remove heat 
from the reactor vessel during shutdown or accident scenarios.  This system can be passively operated 
allowing for natural circulation to remove the thermal energy from the reactor cavity and thus the reactor 
will be cooled even during a period where no electricity is available to power coolant systems.  A render 
of a typically proposed HTGR reactor building is shown in Figure 1-2, to illustrate the physical relationship 
between the main components of a HTGR.  This render is specifically of the gas turbine modular high-
temperature reactor (GT-MHR) design, which is a member of the HTGR family. 
 
   
Figure 1-2: Rendering of a HTGR reactor containment building showing the relationship between the RPV, 
RCCS and the power conversion unit. [4] 
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The typical UO2 fuel pellets clad in a Zirconium cladding will not safely operate at the temperatures 
required in a HTGR.  To meet these needs a new method of containing the fuel has been developed.  This 
method coats small spheres of UO2 with multiple layers of carbon and ceramics.  These materials possess 
higher melting temperatures than the zirconium cladding, which will allow higher operating 
temperatures. Laboratory testing has shown these  fuel particles, named tristructural-isotropic fuel 
(TRISO), to be geometrically stable at operating temperatures of up to 1600 °C.  Figure 1-3 shows the layer 
arrangement of the TRISO particle.  
 
Figure 1-3: Image of the TRISO Fuel particle. [5] 
The HTGR design has many advantages over existing reactor technology: higher output temperature, 
natural circulation driven safety systems, and a fuel assembly that will withstand higher temperatures.  
While a release of radionuclides is statistically lower than BWR designs operating presently, the HTGR 
operators must have the ability to detect and respond to a release from the fuel.  Very few instruments 
will currently survive 1600 ºC, so additional scientific and engineering effort is required to ensure the 
HGTR operators have the tools necessary to make an accurate core damage assessment. 
The postulated accidents of a HTGR are broken into two basic categories: pressurized conduction 
cooldown (PCC) and depressurized conduction cooldown (DCC).  In both  accidents the system will 
experience a loss of forced circulation, which will cause a flow stagnation followed by a flow reversal 
within the core.  This reversal is driven by the coolant density difference that originates in the hottest 
regions at the center of the core.  It is postulated that the hottest temperatures within the core will be 
observed during the period of flow stagnation.  During the entirety of both accidents, heat will be 
radiated from the RPV walls to the RCCS, which will then remove this heat from the reactor cavity. 
During the PCC accident, the forced convection in the primary loop is lost but there is no breach of the 
pressure boundary.  It is predicted that the during the PCC event the flow rate will be approximately 0.1 
kg/s after the flow reversal.  The PCC system pressure will be 8 MPa and the hottest fuel temperature is 
predicted to be 1290 °C [6].  No air ingress is expected during the PCC accidents, and thus limited core 
damage is expected since the predicted maximum core temperature is below the fuel melting point.   
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While this postulated accident is  significant, the potential for a release of radionuclides is minimal 
because there is not a breach in the pressure boundary. 
The DCC accident involves a break of the pressure boundary and a gradual loss of flow depending on the 
break location and size.  During these events the core will be cooled through natural circulation, radial 
heat conduction, and radiation heat transfer to the reactor pressure vessel walls.  The radiated heat will 
then be removed by the RCCS panels.  During the DCC  accident, there are three distinct stages: 
depressurization, air ingress, and natural circulation [7].  The depressurization stage begins as soon as the 
pressure boundary is breached and continues until the system pressure has equalized with the gas 
pressure inside the reactor cavity.  This event occurs quickly, typically on the order of minutes, and near 
the end of this stage the flow will begin to stagnate since the driving force from the circulator and gas 
expansion have both been removed [8].  The air ingress stage begins once the reactor pressure reaches 
equilibrium with the cavity and is driven by the density difference of the hot helium and cot air, where the 
cold air will displace some of the helium inside the reactor pressure vessel lasting from a few hours to 
several hundred hours, where the ingress will terminate after the gas density inside and outside the RPV 
reach an equilibrium [9].  The only circulation through the core is driven by molecular diffusion [10].  As 
the gas density inside and outside the RPV begin to equilibrate, the system will begin the natural 
circulation stage of the DCC.  In this last stage, the air and helium will circulate through the reactor 
pressure vessel aiding heat transfer by carrying energy from the hot central core region to the RPV wall.  
This natural circulation phase will last until the reactor internals, RPV and reactor cavity reach equilibrium. 
As the depressurization translates into the air ingress stage, flow stagnation will occur within the core.  It 
is predicted that during this transition the peak core temperature will be reached, with some estimates as 
high as 1600 ˚C at the core centerline [9].  During the DCC event there are two areas of concern, the first 
being melting the fuel and second being oxidation of the core and support structure.  The peak 
temperatures expected during the DCC are near the fuel melting point, which would greatly increase the 
probability of releasing radionuclides.  The oxidation of the core and support structures is of concern 
because the core support columns  could structurally fail if sufficient oxidation is incurred which will 
provide flow restrictions hindering the natural circulation's ability to remove heat from the core.  The 
graphite oxidation rate is a function of graphite temperature and thus the amount of oxidation is a 
function of time and temperature.  A study by Haque showed that the delay of air ingress would reduce 
the graphite oxidation within the core [11].  The fastest oxidation is at temperatures above 800 ˚C and he 
showed that with a longer delay the less oxidation occurred because the graphite had cooled. 
A special effects test facility, the high-temperature engineering test reactor (HTTR), was built in Japan to 
study the natural circulation within the core of a HTGR during the DCC accident.  In Takeda's work he used 
data from the HTTR to show that natural circulation will develop within the core where the hotter coolant  
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in the center of the core will exchange with the cooler outer edge of the core [12].   He also found that by 
injecting helium into the HTTR, he was able to delay the air ingress and reduce the oxidation of the 
graphite [13]. 
In a computational fluid dynamics (CFD) study of the GT-MHR geometry, by Oh, it was shown that there 
are two natural circulation flow paths within a HTGR during DCC [14].  The first flow path is from the core 
through the upper plenum, the riser and into the lower plenum before the flow returns to the core.  The 
second flow path shows a stagnation in the riser, where the coolant circulates between the inner and 
outer areas of the core region, as seen by Takeda.  The in-core recirculation flow rate predicted by Oh is 
an order of magnitude faster than the rates predicted by Takeda.  This increase in flow rate would also 
increase the rate of oxidation within the coolant channels.   
Many studies have been  conducted on mitigating effects of air ingress damage, such as Oh's work 
simulating the reactor cavity location effects on the availability of oxidation for the ingress [8] and the 
work by Ball suggesting a foam injection at the break point to block the incoming air [15].  The body of 
work studying the DCC in an HTGR is tremendous, yet there are many conflicting opinions and modeling 
limitations, both through CFD and experimental, because none of the existing gas reactors have 
undergone a major DCC such as the cross-duct rupture.  NUREG/CR-2929 addresses this issue stating that 
the "gas compositions cannot be accurately predicted" based on the operating experience of the Peach 
Bottom and Fort St. Vrain reactors [16].  The following sentence states, "the effects of the oxidizing gases 
on the core support structure cannot be accurately predicted from current knowledge."  The document 
continues to discuss attempts to use ultrasonic methods to probe the support structures of a HTGR in an 
effort to measure the oxidation during an accident.  The final conclusion of the document is that while 
this technique could work in a laboratory setting, the installation requirements are too stringent for life in 
a gas cooled reactor.  The document does provide a good reference to equate an oxidation measurement 
to loss in support post strength.  This body of work is to meet this need.  Instead of using ultrasonic 
measurements, it is proposed to develop an instrument to measure impurities in the coolant to infer the 
oxidation of the support posts. 
1.2  MOTIVATION 
In the Technology Roadmap titled, Instrumentation, Control, and Human-Machine Interface to Support 
DOE Advanced Nuclear Energy Programs, HTGR instrumentation needs are discussed.  The following need 
is outlined: “(i)nstrumentation and controls for helium system purification, control of inventory, and in-
service monitoring of interactions between helium and the materials it contains.” [17]  A sensor that 
would measure the ratio between  helium and a contaminant would provide the need for “system  
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monitoring of interactions of helium and the materials it contains.”  The motivation for this work is to 
develop an instrument that will meet this need. 
1.3  OBJECTIVES 
The objective of this work is to develop an instrument that will survive within the primary pressure 
boundary of a High Temperature Gas Reactor and provide real-time measurements coolant impurities. To 
meet this objective, three areas of development will be needed: 
•  Develop a method of measuring the ratio of two gases in a confined region over the range 
of the HTGR operating pressure and temperature. 
•  Develop an instrument that will use this method in three geometries: Coolant Channel, 
Plenum Point measurement, Cross-duct profile measurement. 
•  Develop a module that will use the small change in capacitance to create a change in DC 
voltage. 
1.4  ASSUMPTIONS 
The fundamental assumption in this work is that the instrument behaves in a repeatable manner.  This is 
essential because the instrument’s accuracy is dependent on in situ calibration prior to operation.  It is 
also assumed that the calibrations are conducted in a repeatable manner such that two consecutive 
calibration curves will align.  The instrument has been designed in a manner to leverage current best 
practices and to use isotropic materials where ever possible.  Due the relative short term of testing 
contained in this work, the long term aging of the device is unknown.  One advantage of installing the 
instrument in a test facility as part of the larger development work, will allow test data over a multiyear 
period to be compared to prove the functional stability or instability of the instrument.   
Along with the assumption that the calibrations are repeatable, the calibration range will also dictate the 
accuracy of the instrument or even a perception of instability.  The calibration is a function of pressure 
and temperature to measure the thermal expansion of the sensor over the complete operating range.  If 
the temperature and or pressure measurements are physically removed from the gas sensor location 
variations in gas flow rate or thermal transients will cause a deviation from the calibration curve. 
An additional assumption is that the challenges presented by developing and instrument to survive high 
temperatures are more significant that the material design issues that will incur from in installing the 
instrument in a radiation environment.  To that end, this work will focus on conducting the necessary 
work to overcome the challenges presented by the temperature effects.  Further studies will need to 
sufficiently study and modify the instrument to handle the long term effects of radiation.  
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1.5  LIMITATIONS 
Like all techniques and instruments, this one too will have its limitations.  This instrument is limited to 
measuring binary gas mixtures over the range of  operating pressures and temperatures of a HTGR.   
Differentiating between three or more gases would require assumptions to be made about relative ratios 
between specific components as done by Rosenkrantz [18] or a new method beyond the scope of this 
study.  For this study, measuring the difference between helium and nitrogen was a focal point.  This is 
because the difference between the two gases is the smallest of all contaminants within a gas cooled 
reactor.  This instrument is limited to measuring the difference between two non-polar atoms, because of 
the linearity in mixing of non-polar constants.  When polar and non-polar gases are mixed, the mixture 
dielectric does not change linearly with the mixture concentration.  Also, the GCI is limited to measuring 
the mixtures of non-conducting components.  This is because the electrodes are in direct contact with the 
gas in question.  Additionally the sensors are not designed for corrosive materials.  While not within the 
scope of this work, the instrument developed could be tailored for different materials, assuming the 
material properties were known a priori.   
 
The remainder of this document will discuss the experiments proposed to meet the objectives of this 
work.  Chapter 2 contains a discussion of the current methods of measuring gas composition, two-phase 
fluid measurements, and methods of measuring physical properties of a fluid.  Chapter 3 discusses the 
current proof of concept along with the proposed instrument designs and function.  Chapter 4 contains all 
results and observations about the instrument proof of concept.  Chapter 5 provides a proposal for the 
integration of this measurement method into the existing instrumentation plan of the HTTF.  Chapter 6 
contains all relevant conclusions.  Following the conclusions is a list of works cited and all associated 
appendices.    
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2  EXISTING METHODS OF GAS COMPOSITION MEASUREMENT 
In the development of an instrument to measure the ratio of two  gases within a confined space, a 
literature review of the existing measurement techniques was conducted. The following two sections 
discuss the articles that were found to discuss  measurement techniques.  Section 2.3  contains an 
overview of the findings and discusses the hybrid approach that will be used to develop the new gas 
concentration instrument (GCI).  
2.1  MULTI-PHASE OR MULTI-SPECIES MEASUREMENT TECHNIQUES 
In many fields, work has been conducted to better understand the interaction of multiple fluids flowing 
through a pipe.  The body of knowledge on this topic is vast and it is not attempted to cover the entire 
field in this section.  Only the topics involving experimental techniques of measuring the ratio of multiple 
species within a set volume will be covered.  Much of this data is used to provide correlations to better 
predict how the species will interact [19].  These techniques vary greatly from using pressure gradient [20] 
information to make the  species determinations to using laser absorption measurements [21].  The 
following subsections will discuss the various techniques that are  used to differentiate between two 
species within a defined volume.  
2.1.1  SPECTROSCOPY 
The field of spectroscopy uses a spectrometer, a spectral measurement device,  to measure 
electromagnetic radiation that is emitted from a test object.  Often the data collected by a spectrometer 
is reported as a plot of the meter’s response of interest versus frequency, known as a spectrum.  All 
atoms and molecules have unique spectra when using an appropriately calibrated spectrometer, the 
composition of an unknown substance can be determined through comparison with the spectra response 
of known compounds.  This spectral response can then be used to calculate the compound’s composition 
using the calibration information.  Spectroscopy was used by Plank to develop quantum mechanics, to 
explain black body radiation, and Einstein used spectroscopy to explain the photoelectric effect.  The field 
of spectroscopy can be broken into roughly thirty different categories, though only two are commonly 
used in determining the material properties and compositions of fluid flows.  These two are gas 
chromatography  mass  spectroscopy (GCMS) and laser  absorption  spectroscopy (LAS), both of these 
methods will be discussed in the following subsections [22]. 
2.1.1.1  Gas Chromatography Mass Spectroscopy 
Gas chromatography mass spectroscopy is actually the coupling of two techniques that together provide 
data about the atomic composition of a given substance.  Gas chromatography is a process of combining 
an inert carrier gas, usually Helium or Neon, with the sample.  This is done by passing the sample through  
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a heating chamber where the sample becomes a gas and mixes with the inert gas.  This process separates 
the compounds from each other,  which will enable the mass spectrometer to then measure the 
compounds based on their fragmentation process.  Mass spectroscopy is a technique that measures the 
mass to charge ratio of a charged particle.  After the sample has vaporized in the gas chromatograph the 
mass spectrometer ionizes the sample gas and then uses an electromagnetic field to separate the gas by 
its mass to charge ratio.  Once separated the gas quantity is measured by a detector.  This measurement 
is then collected as  a spectrum where the elemental composition of the sample substance can be 
determined.  Gas chromatographs can be paired with other detectors, such as a flame ionization detector, 
thermal conductivity detector or an electron capture detector.  Often these techniques will be combined 
to measure to composition of natural gas [23].  This is because the raw natural gas will often have 17 
different molecules and previous measuring techniques required a 11 step separation technique before a 
mass spectrometer was used to measure each of the 11 groups [24].  This technique is also used in 
determining the diesel exhaust particle composition, which often contain over 1000 unique components 
[25].  
GCMS was one of the multitude of instruments used in the massive air movement studies conducted in 
the Salt Lake Basin.  For the VTMX Campaign in 2000 SF6, which is chemically and thermally stable [26], 
was released at specific locations in the Salt Lake City, Utah area and bag samplers were used [27].  A bag 
sampler is a small portable device that can pump a small amount of ambient air into a plastic bag.  This 
filling process will happen at set intervals into different bags.  The bags are collected and taken to a lab 
there they can be pumped into a CGMS machine to perform the analysis.  The use of a bag sampler makes 
remote gas collection and more cost effective. CGMS systems can be used to measure air quality in real 
time with acquisition rates of 1 – 2 Hz.  These systems were installed in trailers and placed in the desert 
and mountain sides to measure the SF6 concentrations as a function to time [28].  This temporal data 
allowed for the mapping of the SF6 dissipation in the air, which is then extended to understanding air 
currents in the area better. 
2.1.1.2  Laser Absorption Spectroscopy 
Similar to other spectroscopy techniques LAS, uses the attenuation of a given source to produce a 
spectrum of response that can be calibrated to represent a specific composition of a material passing 
through the measurement area.  In LAS, a laser is passed through a test medium and a detector on the 
opposite side of the test section measured the light intensity and wavelength passing through the section.  
These systems range from the small portable air monitors made by Thermo Scientific [29] to large custom 
laboratory setups like the one shown in Figure 2-1.  All systems have the limitation of needing optical 
access between the source and the test section is displayed.  The Thermo Scientific unit draws air from  
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the attached probe into the sensor and passes an Infrared laser through the test gas.  Comparing the 
obtained spectra to the initial calibration data collected from a clean air sample the unit is capable of 
determining the toxins in an air sample in 20 to 165 seconds.  In the study by Shinohara, a small portable 
LAS system calibrated to measure CO2 concentrations was mounted to backpack [30].  This backpack was 
then carried to the base of an active volcano to measure the gases being emitted during eruption.   
Humidity, SO2, and temperature measurements were also taken to provide a more accurate 
representation of the environment.  While this system is small and portable the gas is drawn into a 
measurement chamber, which would greatly disturb the flow. 
 
Figure 2-1: Diagram of a typical TDLAS experiment setup [31]. 
More accurate laboratory based LAS systems incorporate tunable diode lasers to provide more selective 
control of the interaction that will occur in the measurement chamber.  Tunable Diode Laser Absorption 
Spectroscopy (TDLAS) has been used by Tanimura to measure gas-phase composition in nozzles [31].  The 
use of the tunable diode allows the measurement of the condensation on the boundary layer.  To improve 
the accuracy of the system, cryogenic cooling systems are used to reduce the laser operating temperature 
[32].  To measure the ratio of two gases the laser must be tuned to each gas type requiring repeated 
measurements to make a ratio determination. TDLAS systems operate at acquisition rates on the order of 
10 kHz where the maximum rate is set by the laser wavelength being emitted at a given moment [33].  For 
industrial applications a TDLAS system can be calibrated to measure concentrations of a specific gas like 
CO [34].  This technique is capable of real-time monitoring of industrial emissions.  This technique is also  
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capable of measuring isotopes such as differentiating between light and heavy water due to the 
difference in absorption cross-section [35]. 
In a less conventional use of the LAS technique, Yu attempted to measure the dielectric constant of 
nanomaterials with an infrared laser [36].  In this study the difference in IR absorption of Silicon Nitride 
and Germanium nano-wires was used to determine the dielectric properties of the nanowires.   
Spectroscopy’s requirement for direct line of sight between the source, test section, and receiver limit this 
technique from use in the GCI application. 
2.1.2  TOMOGRAPHY 
Tomography is the imaging of a material in a given plane.  The technique was originally developed in the 
late 1950’s using x-rays for medical imaging.  During the 1980’s the technique was modified to include 
industrial imaging for process control uses.  Non-nucleonic tomographic techniques began development 
to provide real-time imaging information to improve industrial quality controls.  Presently tomographic 
techniques are capable of gathering data at time scales up to 100 Hz with spatial resolutions on the order 
of 1 mm [37].  These techniques can measure spatial distribution of multiple species, particle trajectories, 
and particle velocities.  The following subsections will discuss in more depth the main categories of 
Tomography. 
2.1.2.1  Nucleonic Tomography 
Nucleonic radiation sources, such as x-rays and γ-rays, offer high resolution data that can be used to 
validate computational fluid dynamic models or to provide data that can be used to form constitutive 
relationships.  The foundation for this technique relies on the fact that the wavelength of the radiation is 
short compared to the atomic crystalline structure of the material that they are passing through.  The 
system will contain a source that emits a known radiation and a detector that will measure the radiation 
that is absorbed by it.  Using the difference in the measured radiation and the source strength will provide 
an absorption measurement that can be correlated to density.  This absorption information can then be 
used to create a profile of the material that is between the source and the detector.  To measure multiple 
species and/or phases in one pipe this technique can be combined with another tomographic technique.  
A dual-mode tomographic system was designed to measure the composition of a gas/oil/water mixture 
flowing through a pipe by combining γ-ray tomography with electrical impedance tomography, and a 
figure of the associated setup can be seen in Figure 2-2.  This image demonstrates the effectiveness of 
coupling measurement techniques to measure more mixtures with more than two components.  The 
arrangement of the source and detectors limit this technique to isolate an individual coolant channel 
within a HTGR and thus are inadequate for use in developing a GCI.  
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Figure 2-2: Diagram of a multicomponent system to measure the concentration of a gas/oil/water mixture 
flowing through a pipe using a combination of γ-ray tomography and capacitance tomography [38]. 
2.1.2.2  Photonic Tomography 
Photonic tomography uses optical methods to measure light diffraction, reflection, and absorption of a 
given medium.  This technique has many advantages over nucleonic tomography due to the effects of 
beam hardening being absent, photonic images have higher resolution, and the user is not exposed to 
radiation [39].  One disadvantage of photonics is that the light emitting source and detector must be 
optically connected.  This limitation makes the photonic measurement of systems at high pressure and 
temperature very limited, which will not sufficiently serve the needs of the GCI. 
2.1.2.3  Magnetic Resonance Tomography 
Magnetic Resonance Tomography is known as Nuclear Magnetic Resonance Imaging in medical fields 
where it was first used [37]. This process uses large electro-magnets to cause nuclei to process in phase.  
Usually the signals are conducted in a two-dimensional plane.  This technique is common in investigating 
damaged joints because the tissue reacts to the radio frequency signal created by the magnets.  This 
technique has also been used to measure Couette and Poiseuille flows for determining rheological 
suspension properties [40].  This technique is very useful in investigating water based flows, but does not 
sufficiently interact with Helium to provide a useable technique for the GCI development. 
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2.1.2.4  Electrical Impedance Tomography 
Electrical impedance tomography uses an applied voltage and measured charge to reconstruct the 
dielectric field in a given measurement plane.  The many electrodes are placed around the periphery of 
the measurement volume.  This placement is usually done in a manner that is non-invasive [41].  The 
voltage is applied at one electrode and the charge is measured at the remaining electrodes, where a 
typical arrangement and field lines are shown in Figure 2-3.  The source electrode is then changed to a 
different location and the charge on the remaining plates then measured again.  This process is then 
repeated until half of the electrodes are measured as the source.  The charge measurements are then 
passed through a reconstruction algorithm where the dielectric field in the given plane is reconstructed 
into an image typical to the one shown in Figure 2-4.  This technique is one of the most attractive real-
time imaging techniques for industrial applications [37], and while the spatial resolution is relatively low 
compared to alternate tomography techniques the acquisition rates are an improvement over these 
techniques.  Electrical capacitance tomography measurements can be gathered at rates of up to 200 
frames per second, and if two measuring systems are adjacent fluid velocity information can also be 
determined [42]. This technique has been studies by Zhao and Takei to use as a plug detection technique 
in pneumatic pumping applications [43].   This technique is currently developed to measure multi-phase 
mixtures and not binary species gas mixtures.  Due to the complexity of the system this technique is not 
an appropriate candidate for use in the CGI. 
 
Figure 2-3: Diagram of the Electrical Impedance Techniques [37].  
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Figure 2-4: Image of the resultant image using Electrical Impedance Tomography [37]. 
2.1.3  PRESSURE GRADIENT MEASUREMENT 
When a gas bubble is entrained in a liquid the pressure inside the bubble is greater than the pressure of 
the surrounding liquid due to the surface tension of the bubble opposing the outward forces of the gas 
bubble.  A differential pressure  measurement technique can be utilized to make phase composition 
measurements by placing pitot tubes [19] in the flow or piezo-electric devices on the pipe walls [44].  As 
the two-phase flow moves past the sensor a change in pressure can be calibrated to indicate that a 
bubble is passing the probe end.  The duration of the pressure change can be used to indicate the length 
of the bubble if the liquid and gas flow rates are known.  In addition to using differential pressure 
measurements to conduct point measurements, the pressure measurement can be paired with a pair of 
quick closing valves to isolate a section of pipe [20].  Once the pipe section is isolated a volume averaged 
phase composition measurement can be made.  This technique is limited to one data point per 
differential pressure measurement, whether it be a point measurement or  a volume average.  The 
temporal resolution is limited to the pressure measurement equipment which usually has a maximum 
acquisition rate on the order of kiloHertz.  The sensors are invasive but do not require a direct line of 
sight.  While this method works well for local two-phase measurement it does not work for local two-
species measurements due to differencing in mixing mechanics, limiting the technique to provide bulk 
species measurements due to a change in density. 
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2.1.4  OPTICAL METHODS 
To improve the understanding of two-phase transitions in confined spaces many separate effect tests are 
conducted.  Many of them use a clear test section, made of acrylic or glass to limit the optical distortion.  
A mixture of air and water is commonly used [45].  This test section is commonly straight but may include 
bends and elbows, which greatly disturb the flow characteristics [46].  A high-speed video camera with a 
shutter speed of up to 10,000 Hz is used to photograph the two-phase mixture as it flows through the 
pipe [47].  Typically a light source is placed on one side of the test section and the camera is placed on the 
opposite side allowing for the maximum contrast, as illustrated in Figure 2-5.  The system can then be 
calibrated to translate the change in pixel intensity to void fraction.  This technique is fast and accurate 
but will not meet the needs of this work because of the requirement of an optical line of sight needed for 
the camera to function properly. 
 
Figure 2-5: Diagram of a typical two-phase measurement system using optical collection methods [45]. 
2.1.5  ULTRASONIC MEASUREMENT 
A high frequency acoustic wave can be used to measure the composition and or pressure of a gas inside 
an enclosed volume by placing a piezo-electric receiver on the opposite side of the measurement volume.  
This technique is used by Rosenkrantz to measure the ratio of Helium and Xenon inside a used LWR fuel 
rod  [18].  The acoustic signal is absorbed by the gases inside the chamber and produce unique 
resonances.  A frequency analysis of the signal will provide gas concentration data which can be used to 
determine the internal pressure of the fuel rod.  This system is limited to ambient temperature due to the 
temperature of the sensing equipment. The fuel cladding and fuel pellet spring add significant noise to the 
system, but sufficient calibration and the using multiple source frequencies in successive order allow the 
users to accurately conduct non-destructive measurement on spent nuclear fuel.  
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2.1.6  CAPACITANCE SENSOR 
A capacitor is a device that has two plates that are not electrically in contact but connected by a charge 
carrying medium.  The ability of this medium to carry a charge from one conductor to the other is known 
as its relative permittivity or dielectric strength.  All materials have a dielectric strength where a vacuum is 
defined to have a dielectric strength of unity, ε(Vacuum) = 1.000.  The capacitance of an object is a 
function of a geometric constant, an electrical constant ε0, and the dielectric strength of the material 
separating the plates.  Published in 1960, Sachs used a 1” spring clip capacitor to surround a tube filled 
with a stratified two-phase water-mixture [48].  In this work they developed a linear response curve 
between capacitance change and void fraction.  In 1967 Cimorelli and Evangelisti used a capacitor to 
produce calibration curves of void fraction versus measured capacitance using cylindrical geometry [49].  
In these experiments a study of bulk boiling at atmospheric pressure was described, using two mass flow 
rates and void fractions of 85 to 90%.  This work was extended by Gregory and Mattar by looking at the 
system response using varying plate geometries: Cylindrical, Parallel Plate, and Helix [50].  This work 
found that the sensor has low sensitivities at low and high void fraction.  Work by Albouelwafa and 
Kendall expand the geometry selection by studying four concave sensors [51], a double helix [52], 
staggered concave plates, and multiple helix [53].  In studying the many geometries they found the 
double helix to have the most linear response and the four concave plate geometry to have the greatest 
sensitivity. 
The work published, in 1970, by Younglove and Straty used a simple cylindrical capacitor enclosed in a cell 
to collect molecular polarizability measurements to high accuracies.  Their efforts were to develop an 
instrument that did not suffer from  the typical disadvantages of systems used to measure dielectric 
properties of gases, which are: (1) excessive size of the cell which requires large volumes of the sample 
fluid and which is unsuitable for low temperatures applications, (2) the need for elaborate electronics, or 
(3) the necessity for complicated optical or microwave systems with suitable access to the cells [54].  The 
instruments in study were built to operate at temperatures between 5 and 300 K.   This sensor was built 
with a small fill line and will not allow any through flow.  This device was utilized by Weber to measure the 
dielectric constant of Ethane with accuracies less than 0.01% [55] and Ely measured Nitrogen’s dielectric 
properties with an accuracy of 0.003% [56].   
Weber published a separate paper in 1970 using a variable capacitor that was a tall stack of Magnesium-
oxide discs plated with gold.  This capacitor demonstrated thermal cycling problems and had many issues 
with stray capacitance [57].  These made the capacitors much more difficult to calibrate and reduced the 
overall system accuracy and caused random errors estimated to be 0.05%.  In comparing the two works  
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by Weber, the Younglove design produced an instrument that was more accurate and stable than the 
stack of plates. 
Work published, in 1982, by Shu et al. builds off of the previous work by developing a sensor that does not 
impede the flow at all [58].  This is done by placing two half-circular electrodes around a non-conductive 
pipe that the two-phase mixture flowed through.  They were able to show experimental data that closely 
followed the theoretical solutions calculated for the flows.  Also, they were able to show that static 
calibrations of various void fraction combinations are sufficient to measure dynamic systems. 
In the work by Xie et al, the signal error induced by the stray capacitance was studied [59].  It was shown 
that the capacitance between each electrode and the shield did not affect the sensitivity of the capacitor.  
The shield around the capacitor aided in reducing the total noise in the instrument signal.  They also 
implemented a stray-immune measurement scheme, uses an operational amplifier using a RC circuit to 
remove the noise in the signal as shown in Figure 2-6. 
 
Figure 2-6: Diagram of Xie's proposed stray-immune measurement scheme [59]. 
Xie’s study also  found that increasing the pipe wall reduces the localized sensitivity variation in the 
sensing volume.  This reduction is sensitivity allows for a more homogeneous measurement volume, but 
the thickening of the pipe wall also reduces the total capacitance of the instrument.  This study was 
conducted using two concave electrodes each 90° to 120° sections on opposite sides of the pipe wall.  
This study also found that if the electrodes are outside the pipe wall, choosing a pipe wall with a 
permittivity near the mean permittivity of the pipe contents provides the minimum loss in system 
sensitivity.   
Work conducted in 1984 by Beck et al, review the non-intrusive measurement of solids mass flow in 
pneumatic conveying [60].  In this work, they discuss the use of capacitive sensors to measure the mass 
flow rate of particles flowing through a tube, with the two greatest limitations of the application being  
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build-up of solids in the test volume and sensitivity to flow-regime.  The flow regime sensitivity can be 
reduced by mounting the test section vertically, which will cause the flow to stabilize.  These mass flow 
sensors are found have an accuracy of 2 – 5 % after calibration, and have little drift other than material 
buildup in the test section and moisture content of the material being measured.  To overcome the signal 
drift due to particle buildup in the test section, a dynamic system is used where the capacitor signal is split 
and one half is passed through a low pass filter.  The low pass signal is used as an automatic scaling factor 
and with relatively constant flow rates the system can maintain less than 5% drift for extended periods.  
This technique is used in to monitor the coal delivery of a power plant’s burner injection system. 
Another study of multiple geometries was conducted in 1995 by Kendoush and Sarkis [61].  They studied 
the parallel, concave plate, ring, uni-directional, and double-helix geometries.  They found that sensor 
accuracy was improved when the capacitor length to diameter ratio was greater than unity and that when 
measuring water high sensing frequencies are needed because the water acts like a weak conductor if it is 
allowed to contact the conductor of the capacitor.  The 1996 study by Elkow and Rezkallah investigated 
the non-linearities of helical and concave plate capacitors [62].  They found that having the capacitors the 
same length greatly increased the linearity of the instrument’s response.  Their study looked at air-water 
mixtures and they found that the conductance in the water would cause drift until the signal passing 
through the capacitor reached nearly 1MHz.  Robinson et al. found that using capacitance sensors to 
measure moisture content in soil needed a signal frequency of 50 to 150 MHz to minimize the error 
caused by the conductance water [63]. 
When measuring flows with a small percentage of the total volume representing particles, the drift of the 
system caused the system to be too unstable to measure properly.  Li and Xu propose using a double 
capacitor, where one is used to measure the mixture and the other is used to measure the ambient 
conditions [64].  The signal from these two is combined to for a capacitance divider before being passed 
to the signal processing equipment.  They found that the system was more sensitive to small particles.  Xu 
et al. extended on this work by proposing a more complicated circuit which amplified and filtered the 
signal [65].  A diagram of this circuitry can be found in Figure 2-7.  The authors stated that this circuit 
improved the signal sensitivity but did not quantify the level of improvement.  
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Figure 2-7: Diagram of the circuit proposed by Xu et al [65]. 
Jaworek proposed using an LC-resonant circuit, which is very sensitive to small capacitance changes but 
found a very non-linear behavior which made calibration of water/steam flows difficult [66].  Ahmed 
found that ring-type capacitors are more sensitive to fluctuations in air/oil flows than the concave plate 
capacitor that they were compared against with repeatability variation of less than 2.5% [67]. 
2.2  GAS PROPERTY MEASUREMENT TECHNIQUES 
In a laboratory setting a simple enclosed volume can be used to measure the dielectric properties of a gas 
or liquid.  Two faces of this volume contain electrodes that are energized and the other four faces are 
made of glass.  The distance between the electrodes can be varied [68].  A complex wave form is passed 
through the test material and a spectrum analyzer is used to determine the complex response to the 
input signal, where the accuracy of the system is a function of frequency [69].  With the phase angle, 
resistance, distance between the electrodes being know, the dielectric strength and conductivity of the 
material can be calculated using equation (2.1).  A diagram of the apparatus can be seen displaying the 
key dimensions in Figure 2-8 and a typical measured response can be seen in Figure 2-9.   
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Figure 2-8: Diagram of a typical apparatus used to measure conductivity and dielectric constants [68]. 
 
Figure 2-9: Plot of the data from the above apparatus, using a spectrum analyzer [68]. 
Often the dielectric strength of a mixture is desired but only the strength of the individual components is 
available.  Work by Harvey provides a method of computing the mixture dielectric strength with a high 
level of accuracy in mixtures as complicated as natural gas [70].  This method is also used to measure the  
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characteristic frequencies of specific rare gas mixtures [71]. The apparatus depicted in Figure 2-8 has 
limited accuracy, which is overcome using a cross-capacitor and is discussed in the following section.   
2.2.1  CROSS CAPACITANCE DIELECTRIC MEASUREMENTS 
Since one of the fundamental parameters of a capacitor is the relative dielectric permittivity, specially 
designed capacitance systems have been built to measure the properties of many materials. Thompson 
and Lampard originally proposed using cross capacitors to provide calculable standards of capacitance 
[72] and Shields proposed using it for a new realization of the ohm [73], and farad [74].  The cross 
capacitor system was later used to measure the loss angle of the national capacitance standard, where 
the loss angle is the measure of the dissipation of charge within the capacitor internals [75].  Following 
this success, Moldover proposed using a cross capacitor to develop a pressure standard that is based off 
of the measured dielectric permittivity because it is more accurate than current piston gauges [76].  Cross 
capacitors are a system of two capacitors that interact with each other’s electric fields.  This interaction 
provides the benefit that it instrument is insensitive, in the first order, to residue building up on the 
electrode surfaces [77].  This reside may be in the form of pumping oils, adsorbed gas, or permanent 
oxides [78].  Two common cross capacitance geometries have been found in the literature: toroidal and 
rod.  The toroidal cross capacitor is the combination of a cylindrical capacitor and a round plate capacitor, 
where the two capacitors share a common axis that provide a toroidal measurement volume.  The rod 
cross capacitor is an assembly of cylindrical rods, where each conductor is an assembly of multiple rods.  
All of the rods reside between the same bounding planes, similar to the columns that would support the 
roof of an ancient Greek structure.  The electrical connections in each cross capacitor geometry are 
illustrated in Figure 2-10.  It has been shown that within the experimental error, both geometries are 
capable of producing equally accurate data [78], which can be as precise as 2.7*10
-5 % when measuring 
Helium [79]. The down side to cross capacitors is the complex circuitry is needed to make the capacitance 
measurement, in addition to the requirement that each capacitor be individually measured.  This 
requirement adds expense to the system while reducing the acquisition rate.  Cross capacitors have 
become an accurate enough standard that they are being used to develop a more accurate measurement 
of the Boltzmann constant [80].  
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Figure  2-10: Diagram of the two most common Cross-Capacitor geometries: Torodial (Left) and Rod 
(Right) [78]. 
In Moldover’s experiment, the cross capacitor is placed inside a pressure vessel, which is placed in an oil 
bath that will allow a constant temperature to an accuracy of  0.02 K [81].  The pressure vessel is 
evacuated where a reference capacitance is measured.  The test gas is the pumped into the pressure 
vessel there the test pressure is set.  As the pressure increases the capacitor temperature increases and a 
long waiting period, typically five hours, is needed for the system to return to thermal equilibrium [79].  A 
diagram of the cross capacitor apparatus can be found in Figure 2-11 to illustrate the apparatus layout.  
While cross-capacitors provide the needed accuracy measuring the dielectric properties of the candidate 
gases, the slow acquisition rates, indirect flow path, low temperature limits of the oil bath do not allow 
for a direct mapping of this technique to the GCI.    
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Figure 2-11: Diagram of the cross-capacitor apparatus setup [81]. 
2.2.2  DIELECTRIC BARRIER DISCHARGE 
An important part of plasma physics is studying the dielectric barrier discharge in gases.  Many studies 
have been conducted by passing a mixture of gases through a thin parallel plate capacitor and applying 
high (1000V AC) fields  [82].  In the work by Ivkovic, it was shown that rounding the edges of each 
electrode in the measurement volume increased the breakdown voltage due to the added symmetry on 
the electromagnetic fields at the plate edges  [83].  When the breakdown occurs the spark can be 
photographed.  Images show that the sparks originate from different plates at unique frequencies, but 
that current limits provide less random results  [84].  These discharges are driven by a Townsend 
mechanism and usually occur during the top half of the AC wave [85].  This phenomenon is only a concern 
when the gap between plates is very small, order μm, and the voltage is high, order kV  [86].  The 
requirements of the applied voltage to gap ratio preclude the use of this technique on the CGI. 
2.2.3  DIELECTRIC SPECTROSCOPY 
A  capacitor could be placed  around  an unknown  material and from the measured capacitance the 
dielectric constant could be calculated.  This process  works for simple geometries and bulk material 
measurements, but it will not work for complex geometries of very thin materials where the capacitance 
is very small.  Instead of measuring the capacitance directly a voltage step could be applied to the 
capacitor and the current flowing through the system can be measured.  The temporal response of the  
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capacitor can then be used to calculate the dielectric constant, and can operate over a wide frequency 
range: 0.1Hz to 3GHz [87].  This technique is named Dielectric Spectroscopy due to the spectrum of 
responses that can be achieved by applying different voltage steps.  When two dielectric materials are 
used together, a FFT analysis can be used to separate out the effects of each material [88].  This technique 
can also be used to monitor the biological suspensions in a non-invasive manner [89], where one set of 
probes provides a signal and the other measures the organism response.  A non-linear signal can be 
applied to the membrane to provide data about secondary functions  [90].  The complexity of these 
systems limits the application from being implemented in the GCI. 
2.3  IDENTIFICATION OF A VOID 
Through the previous two  sections many measurement techniques were discussed.  Spectroscopy, 
Tomography, Ultrasonic, and optic methods all require direct line of sight between the measurement 
volume and the device.  In this application direct line of sight is not available removing them from 
consideration.  The pressure gradient method has not been proved for a species measurement and would 
require unrealistic sensitivity to conduct the measurements for helium –  nitrogen mixtures thus this 
technique is removed from consideration.  Capacitance sensors have not been proven to measure gas 
ratios and thus individually would not meet the needs of study.  Cross-capacitors have a temperature 
restriction that is too limiting to make this technique individually meet the needs of this study. Table 2-1 
summarizes a breakdown of the most important characteristics for each of these techniques as related to 
the measurement of binary gas mixtures in a HTGR.  For comparison, the last listing in the table contains 
the desired qualities of the GCI that are needed. 
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Table  2-1:  Tabulation  of the capabilities  relevant to the GCI requirements for each of the discussed 
measurement techniques. 
Measurement Technique  Capabilities 
  Multi-
Phase 
Multi-
Species 
Time 
Resolution 
Invasive  Temperature 
Limit 
Routing  Measurement 
Geometries 
Spectroscopy  Yes  Possible  kHz  Yes  Low   Direct  Limited 
Tomography  Yes  Possible  kHz  No  Low  Direct  Cross-section 
2D  
Pressure 
Gradient 
Yes  No  kHz  Yes  Limited by 
pipe material 
Indirect  Volume 
Average 
Ultrasonic   Yes  Yes  MHz  No  Low  Direct  Acoustic 
Coupling 
Optical  Yes  Not 
N2/He 
kHz  No  Temperature 
of viewport 
Direct   1D 
compression 
Capacitance 
Sensor 
Yes  Not 
Gases 
kHz  Low  Limited by 
materials 
Indirect  Variable Insitu 
Cross 
Capacitor 
No  Yes  Slow  Low  Limited by 
Materials 
Indirect  Variable Insitu 
GCI  Yes  Yes  10-100 Hz  Low  1600 °C  Indirect  Variable Insitu 
 
In the above table the undesirable characteristics of each as colored in red and italicized.  It can be seen 
that while no currently existing technique provides an  immediate solution, the capacitance sensor 
provides the basis to build a robust instrument that has fast kHz acquisition rates, indirect sense line 
routing and variable geometries.  Currently capacitance sensors are not built to withstand the needed 
temperature or operate to the needed accuracy.  The cross capacitor provides the needed accuracy and a 
higher temperature range showing the temperature range is only limited by material selection and not 
the  physics underlying the operation.  Using shielding as suggested from current capacitance sensor 
manufactures, an instrument can be built that will withstand the electro-magnetic interference (EMI) 
from industrial installations.  The belief that a hybrid of the capacitance sensor can be combined with a 
cross capacitor is founded on the fact that the two instruments use the same physics to measure the 
change dielectric of materials.  Figure  2-12  provides a visual representation of the important 
characteristics of the GCI: temperature range, sampling rate, accuracy, and flow restriction.    
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Figure 2-12: Chart outlining the critical operating parameters of capacitance sensors, cross-capacitors, and 
the desired gas composition instrument. 
The characteristics of the capacitance sensor can be seen on the left of the spectrums, while the 
characteristics of the cross capacitors can be seen on the right of the spectrums.  Below each of the four 
spectrums there is an arrow pointing to the requirements of the GCI.  For the temperature spectrum it 
can be seen that the temperature requirements fall beyond that of either technique, but this limitation is 
solely on of material properties and can be addressed through using the appropriate components.  In the 
other three spectra the requirements of the CGI are encompassed the by the capabilities of the two 
techniques.  It should be noted that the accuracy range plotted above is the instrument’s sensitivity to 
changes in dielectric strength.  For air/water mixtures the dielectric strength varies by a factor of 80, 
whereas the variation between two gasses is 0.0005 in relative permittivity.  The following chapters will 
further discuss the development of a CGI. 
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3  INSTRUMENT THEORY AND DESIGN 
As the literature review has shown, no instrument is currently available to measure the gas concentration 
of the coolant channel within a HTGR.  To measure the difference between two candidate gases there 
must be a measurable difference in a material property.  Measuring a change in absorption of a laser will 
not work because of access issues. Measuring a change in the fluids thermal conductivity could be made 
using a hot-wire anemometer but these instruments need continual remote calibration and are thus not 
practical for use in a facility with minimal access, such as a HTGR. Looking at the dielectric properties of 
the two fluids, there is sufficient variance between helium and the other candidate gases, which will be 
used to simulate the impurities.  Within a gas mixture, the change in dielectric can be determined by 
measuring the change in capacitance of a capacitor.  The field of capacitance sensors uses capacitors to 
measure many properties of two-phase mixtures as discussed in the previous chapter.  Though 
capacitance sensors have been made to measure the concentrations of two-species mixtures they have 
not been developed to specifically measure concentrations of two gases and none are available with the 
temperature operating range of a HTGR. The remainder of this chapter will discuss the development of a 
CGI and the subsequent Data Acquisition (DAQ) equipment that will meet the needs of a HTGR.  
Early concentric capacitance sensor designs were developed by Younglove where the inner electrode is 
supported by two conical spacers.  In this design, he stated that the system repeatability stems from 
stability under pressure changes and reproducibility under temperature variation [54]. He also stated that 
there are three disadvantages that most designs suffer from: 
a)  excessive size 
b)  elaborate electronics 
c)  the necessity for complicated optical or microwave systems with suitable access to the 
cells 
The design of the GCI system has been conducted with these three disadvantages in mind.  The 
instruments are designed to be compact and built out of stable materials that will expand and contract in 
an unstressed manner allowing repeatable geometries.  The electronics are designed using only analog 
systems with existing components to minimize complexity whenever possible.  The last disadvantage is 
avoided by using simple electrical systems that do not require line of sight. 
3.1  MEASUREMENT METHOD 
An electrical capacitor is composed to two electrodes separated by a gap and not in direct electrical 
connection with each other.  As a voltage is applied across the two electrodes, energy flows into the  
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system and is stored in the magnetic field between the two surfaces. The quantity of the energy stored is 
known as its capacitance, which can be determined using the following expression:  
  0 ** R CG εε = ,  (3.1) 
where G is a geometric constant, ε0 is the electric constant 8.854 x 10
-12 F/m, and εR is the relative 
permittivity of the material separating the two electrodes known as the dielectric.  The electric constant is 
also known as the permittivity of free space or the vacuum permittivity and a fundamental constant being 
insensitive to temperature or pressure.  The relative permittivity is also known as the dielectric strength of 
a material and is a derived property that is the material’s permittivity divided by the vacuum permittivity. 
For cylindrical capacitors the geometric constant is a function of cylinder length (D), inner cylinder radius 
(RI),  outer cylinder radius  (RO), coefficient of linear thermal expansion of  the conductor (CTEg), and 
temperature of the solid (TS) as shown below: 
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The geometric constant for a parallel plate capacitor is a function of plate area (L * W), the separation 
between the plates (S), the coefficient of thermal expansion of the material separating the plates (CTEa), 
CTEg, and TS as shown below: 
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To measure the permittivity of a gas mixture, a capacitor can be built such that a change in capacitance is 
caused by a change in the relative permittivity of the material separating the electrodes, when holding 
maintaining the sensor geometric configuration.   Using (3.1) it can be seen that a change in capacitance is 
linearly proportional to a change in the permittance of the fluid between the plates. Table 3-1 contains a 
listing of relative permittivity of common solids  and  Table  3-2  contains the relative permittivity of 
common gases at STP. 
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Table 3-1: Tabulation of the relative permittivity of common ceramics [91]. 
Relative Permittivity at 20 °C  εR 
NaCl  5.9 
LiF  9 
KBr  4.9 
Mica  2.5-7.3 
MgO  9.6 
BaO  34 
BeO  6.5 
Diamond  5.7 
Al2O3  8.6-10.6 
Mullite  6.6 
TiO2  15-170 
Cordierite  4.5-5.47 
Porcelain  6.0-8.0 
Forsterite (Mg2SiO4)  6.2 
Fused SiO2  3.8 
Steatite  5.5-7.5 
High-lead glass  19 
Soda-lime-silica glass  6.9 
Zircon  8.8 
BaTiO3  1600 
BaTiO3 + 10% CaZrO3 + 1% MgZrO3  5000 
BaTiO3+10% CaZrO3 + 10% SrTiO3  9500 
Parafin  2.0-2.5 
Beeswax  2.7-3.0 
Rubber, polystyrene, polyacrylates, polyethylene  2.0-3.5 
Phenolic  7.5 
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Table 3-2: Table of the relative permittance of common gases at STP [92].  Dipole moment reported in 
relation to the Debye Units (1D = 3.33564x10
-30 C  m). 
Gas Relative Permittivity at STP  εR  μ/D 
Air - Dry  1.0005364   
Ar  1.0005172  0 
BF3  1.0011  0 
BrH  1.00279  0.827 
CF4  1.00121  0 
CO  1.00065  0.11 
CO2  1.000922  0 
CH4  1.00081  0 
C2H6  1.0014  0 
ClH  1.0039  1.109 
F3N  1.0013  0.235 
F6S  1.002  0 
HI  1.00214  0.448 
H2  1.0002538  0 
H2S  1.00344  0.97 
H3N  1.00622  1.471 
He  1.000065  0 
Kr  1.00078  0 
NO  1.0006  0.159 
N2  1.000548  0 
N2O  1.00104  0.161 
Ne  1.00013  0 
O2  1.0004947  0 
O2S  1.00825  1.633 
O3  1.0017  0.534 
Xe  1.00126  0 
 
While the tables above list the relative permittivity of gases at STP, the values do not provide a complete 
representation of the gases’ ability to transmit an electric field.  The permittivity of a material is a function 
of its molar density, ρm, and molecular dipole strength, μ.  The following equation, initially proposed by 
Buckingham [93], describes a gases’ relationship between its permittivity and its density,  
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where N is Avogadro’s number, α is molecular polarizability, k is Boltzman’s constant, and T is the gas 
temperature.  This theoretical relationship has been experimentally confirmed and is treated as an exact  
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relationship [94]. The molecular polarizability is a unique number for each atom and molecule, but is 
independent of temperature and thus can be treated as a constant. The following table contains the 
values of α for typical gases. 
Table 3-3: Tabulation of common gases and their molecular polarizability [92]. 
Molecular Polarizability  10
-24 cm
3 
H  0.666793 
He  0.204956 
C  1.76 
CO  1.95 
CO2  2.911 
N  1.1 
N2  1.7403 
O  0.802 
O2  1.5812 
O3  3.21 
Ar  1.6411 
Kr  2.4844 
 
The molar density can be determined by using the ideal gas law as shown in (3.5) and then can be 
substituted into (3.4), which can be rearranged to solve directly for εR as shown in (3.6). 
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Using equation(3.6), plots of the permittivity of Helium, Nitrogen and carbon dioxide can be found in 
Figure 3-1.  The plots show the change in permittivity of the temperature range of HTGR at four arbitrarily 
chosen system pressures: 0.1, 0.33, 0.56, and 0.8 MPa.  
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Figure 3-1: Plot of the relative permittance of Helium, Nitrogen, and carbon-dioxide at four different 
pressures over the typical operating range of a HTGR. 
From these plots it can be seen that  there is a measurable difference  between the three gases.   
Measuring this difference will provide the basis of the instrument that is being built.  In this illustrative 
example the gases were treated as ideal but in a study of the gases over the desired operating range there 
is up to a 5% over prediction in the molar density of CO2 using the assumption that the gases are ideal 
[95].  For a more accurate representation of the molar density the van der Waals equation of state of a 
real gas will be used, and can be seen in  
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where a and b are the van der Waals constants that modify the ideal gas law [94].  A table of these 
constants for He, N2 and CO2 can be found in Table 3-4. 
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Table 3-4: Tabulation of van der Waals gas constants for CO2, He, and N2 [96]. 
van der Waals Gas Constants  a (bar L
2/mol
2)  b (l/mol) 
CO2  3.658  0.0429 
He  0.0346  0.0265 
N2  1.37  0.0387 
 
To determine the ratio of a Helium and Nitrogen mixture a capacitive device will be exposed to the gas 
mixture and oriented to allow the gas mixture to pass between the two conductors.  The capacitance of 
this device will then be measured, which can be used to determine the mixture’s relative permittivity, 
using equation (3.1). The geometric constant will be accurately determined  during the instrument’s 
calibration. The relative permittivity of the mixture is represented by the ratio of the two gases’ individual 
relative permitivities, 
  2
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where x is the ratio of the two gases, and εm is the relative permittivity of the respective gas component, 
mixture, primary gas, and secondary gas.  At the time of the capacitance measurement the gas 
temperature and pressure will be measured at the sensor location.  It must be assumed that the two 
gases are the same pressure and temperature to close the equations.  Using van der Waal’s real gas 
equation with the temperature and pressure measurements the molar density can be determined and 
then the density corrected relative permittivity can be determined.  This calculation process is displayed 
in the flow chart shown in Figure 3-2.  
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Figure 3-2: Flow chart outlining the mathematical process of determining a two constituent gas mixture 
ratio from a capacitance measurement. 
In designing an instrument to operate in the environment of a HTGR provides difficulties because of the 
change in dimensions and due to the large variations in temperature and pressure.  Additionally, the EMI 
created by the electric systems can cause additional signal degradation.  An inspection of the governing 
equations shows that there are four areas of concern when creating the appropriate calibration for the 
instrument.  
1.  EMI from surrounding environment must not affect signal 
2.  Signal drift due to pressure change must be quantified 
3.  Signal drift due to temperature change must be quantified 
4.  Signal must be independent of flow rate 
The EMI influence will be minimized through the use of shielding around the sensing element in addition 
to band-pass filters in the signal conditioning cards.  The signal drift associated with pressure change will 
only change the relative permittivity of the gas and thus can be accounted for using the density correction 
of the relative permittivity equations.  The signal drift due to temperature appears in two terms of the 
equation: The geometric constant and the relative permittivity.  The drift in the relative permittivity can 
be accounted for in a similar manner to the pressure.  The change in the geometric term due to a 
variation in temperature will minimized by designing the instruments to have minimal thermal expansion 
through  material choice and using in  situ  calibration during facility startup.  The calculation of the  
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geometric change can then be incorporated into the calibration curve used to determine the gas ratio as 
discussed above.  The initial thermal calibration will be conducted using an oven on the department’s 
facilities to measure the change in the geometric constant.  To determine the influence the gas flow rate 
has on the signal, a variable speed fan will be incorporated into the gas calibration volume, which is 
discussed in a section 3.7.   
3.2  SYSTEM ACCURACY 
In developing the measurement and calibration equipment for this instrument a thorough uncertainty 
analysis for the GCI was conducted.  The script used to conduct the analysis can be found in Appendix A-1 
through A-4.  The Taylor Series Method for propagating the error was used, where the uncertainty 
formulation was of the form shown in (3.11) for parallel plate geometry. The terms for L, W, and S can be 
replaced by D, RI, and RO for cylindrical geometry. 
    (3.11) 
The UMF term used in (3.11) is short for the uncertainty magnification factor and is an indicator of how 
the uncertainties of each term will propagate through the uncertainty calculation [97].  Each parameter 
has a unique UMF which is calculated using (3.12), where Xi is an individual parameter in the general form 
of εm. 
    (3.12) 
To complete the uncertainty analysis the uncertainty percentage contribution (UPC) was calculated using 
(3.13), which calculates the individual contribution of each parameter.  The UMF and UPC are used 
together to provide quantitative information about the individual sources of uncertainty. 
    (3.13) 
Using (3.11) - (3.13) the uncertainty in εm for both capacitor geometries was calculated.  Initially all errors 
were assumed to be 1% to see if certain components dominated the results.  It was seen that the 
measurement of the capacitance and the dimensional parameters dominated.  The uncertainties in each 
parameter were adjusted to the expected values calculated at 20 °C and 1600 °C since the UMF terms for 
T, CTEa, and CTEg were all functions of temperature, as shown in (3.14). 
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    (3.14) 
Table 3-5 contains the numerical results of the parallel plate analysis calculations for both temperatures.  
The UMF and UPC values are plotted in Figure 3-3.  It can be seen that at low temperatures the accuracy 
of the capacitance measurement and the plate separation dominate the uncertainty.  At higher 
temperatures the variance in the CTE of the graphite begins to dominate the system uncertainty.  This is 
mostly due to the limited availability of accurate CTE information over the full temperature range, which 
is currently listed at 10%.  The uncertainty in the measurement ranges from 0.16% to 0.26% over the 
specified temperature range.   
Table 3-5: Critical parameters and their associated uncertainties for parallel plate capacitors 
Parallel Plate Geometry 
  Value  U %  UMF 20 °C  UPC 20 °C  UMF 1600 °C  UPC 1600 °C 
C  20.4 pF  0.001  1  40.00%  1  15.42% 
L  0.051 m  0.0005  1  10.00%  1  3.85% 
W  0.051 m  0.0005  1  10.00%  1  3.85% 
S   0.0127 m  0.001  1  40.00%  1  15.42% 
T  20 C  0.02  0.00016  0.00%  0.01265  0.99% 
CTEa  4.6*10
-6 %/°C  0.1  0  0.00%  0.00628  6.08% 
CTEg  6.0*10
-6 %/°C  0.1  0  0.00%  0.01878  54.38% 
Total      0.001581    0.002547   
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(a) 
 
(b) 
Figure  3-3:  Chart of the uncertainty  associated with each component in determining the relative 
permittance of a gas mixture using parallel plate geometry at 20 °C (a) and 1600 °C  (b). 
In calculating the uncertainty for the cylindrical geometry a surprising feature was uncovered.  The system 
is very sensitive to the radial measurements.  As shown in (3.15), the UMF for both radial parameters is a 
function of the ratio of the two cylinders radii.  
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    (3.15) 
This relationship is a problem because adjusting this ratio to reduce the sensitivity in the uncertainty 
directly reduces the instrument’s sensitivity.  The current dimensions provide a UMF of 2.4 for both radial 
measurements, meaning any error in measuring the radius is magnified by a factor of 2.4. The calculated 
data for the cylindrical case can be found in Table 3-6 and plotted in Figure 3-4.  In the cylindrical cases the 
temperature and CTE are both a function of temperature.  In this case the CTE of the graphite does not 
contribute as much at higher temperatures as much as it did in the parallel case.  This analysis determined 
an uncertainty range of 0.22% to 0.24% over the temperature range. 
Table 3-6: Critical parameters and their associated uncertainties for cylindrical capacitors. 
Cylindrical Geometry 
  Value  U %  UMF 20 ºC  UPC 20 ºC  UMF 1600 ºC  UPC 1600 ºC 
C  20.4 pF  0.001  1  19.84%  1  16.78% 
Ri  0.0127 m  0.0005  2.4663  30.16%  2.4663  25.52% 
Ro  0.0191 m  0.0005  2.4663  30.16%  2.4663  25.52% 
D  0.0762 m  0.001  1  19.84%  1  16.78% 
T  20 C  0.02  0.00012  0.00%  0.0095  0.61% 
CTEg  6.0*10-6 %/°C  0.1  0  0.00%  0.00939  14.80% 
Total      0.002245    0.002441   
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(a) 
 
(b) 
Figure  3-4:  Chart of the uncertainty associated with each component  in determining the relative 
permittance of a gas mixture using cylindrical geometry at 20 °C (a) and 1600 °C  (b). 
The uncertainty for both geometries is on the order of 0.1% and is not accurate enough to determine a 
change in εm, which only varies by 0.05%.  This limitation is due to the ability to measure the physical 
dimensions of the probe itself using typical measuring tools.  The uncertainties shown in the tables above 
assume that all physical dimensions can be measured to ± 0.001”.  As seen in the current analysis the  
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error due to change in temperature is minimal at low temperatures and will be reduced once better 
material properties are determined.  Using this information, an ambient temperature sensor calibration 
could be conducted to determine the geometric constant instead of physically measuring the sensor 
dimensions.  To conduct this geometric calibration a small enclosed chamber is needed, where the gas 
composition inside the chamber can be varied, which will be discussed in further detail in the following 
section.  The need for a more accurate geometric calibration drives the need for a more accurate method 
of measuring the capacitance as well, because the error in measuring the capacitance will appear twice in 
the final calculation.  The first occurrence will be in the geometric calibration and the second will appear 
during the actual measurement.  To meet these needs an indirect measurement method of determining 
the capacitance will be needed.  This method will use the voltage divider technique discussed in section 
3.3.  The uncertainty analysis was conducted a second time using a modified equation as shown in (3.16). 
    (3.16) 
In this formulation the individual geometric parameters were combined into one measured geometric 
parameter GP or GC.  To reach a measurement uncertainty of less than 0.002% the individual uncertainties 
were manipulated.  The CTE and Temperature uncertainties were reduced to 1% and the capacitance and 
geometry measurement uncertainties were reduced to 0.001%.  For the parallel plate geometry the total 
system uncertainty was calculated to be 0.0014% and 0.0235%, at low and high temperature respectively.  
For the cylindrical geometry the total system uncertainty was calculated to be 0.0014% and 0.0134%, at 
low and high temperature respectively.  Plots of the individual UMF and UPC determinations for the 
parallel plate geometry can be seen in Figure 3-5 and plots of the cylindrical geometry can be seen in 
Figure 3-6.  At higher temperatures the uncertainty in the CTE and Temperature begin to dominate the 
overall system uncertainty.  To reduce this error,  a material with a very repeatable CTE is needed.  
Realistically the materials that will survive at high temperatures do not expand isotropicly and thus using 
a linear thermal expansion coefficient to predict the geometric change over the temperature range is not 
representative of the true expansion.  To better account for the geometric expansion of the instrument, a 
calibration over the full temperature range is needed. 
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(a) 
 
(b) 
Figure  3-5:  Chart of the uncertainty  associated with each component in determining the relative 
permittance of a gas mixture using parallel plate geometry at 20 °C (a) and 1600 °C (b), with improved 
geometric and capacitance measurement accuracies.  
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(a) 
 
(b) 
Figure  3-6:  Chart of the uncertainty associated with each component  in determining the relative 
permittance of a gas mixture using cylindrical geometry at 20 °C (a) and 1600 °C (b), with improved 
geometric and capacitance measurement accuracies. 
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3.3  SIGNAL TRANSFORMATION 
The GCI is in the simplest terms a capacitor that varies with the changing dielectric of the gas between the 
two plates.  Capacitance can be measured directly, but the instruments to do so are slow, acquisition 
rates of 1 Hz, and cost prohibitive for multiple channel systems.  This is because the difference in the 
dielectric of the two gases varies in the fifth digit after the decimal place: εR= 1.000548 for Nitrogen and 
εR=1.0000650 for Helium.  Measuring this difference would require a DAQ card to measure capacitance on 
a resolution of less than a picofarad for the selected geometries, which is impractical in an industrial 
application due to parasitic capacitances in the system.  It is desired to use the change in capacitance of 
the CGI in a manner that will provide an output signal that varies in the millivolt range.  Many DAQ cards 
are built to make DC measurements in the millivolt range and at much higher acquisition rates than 
needed.   
Typically capacitor and inductors are used in AC bridge components to create electrical standards due to 
the availability of error and drift mitigation techniques [98].  Using the signal techniques discussed in the 
Cross-Capacitor  literature and electronics textbooks the most  recommended method of translating a 
change in capacitance into a change in a DC signal is to couple two items: An AC Divider and a RMS to DC 
Convertor.  An AC divider is created by connecting two capacitors  in series, which  is  functionally 
equivalent to a resister divider in DC circuits.  The purpose of the AC divider is to translate the change in 
capacitance into a change in the amplitude of an AC Wave. The RMS to DC convertor then translates this 
change in AC amplitude to a change in DC voltage. With the input voltage amplitude of 10 VAC the output 
of the AC voltage divider will vary ~1.0 mV between measuring pure He and pure N2.  The AC wave form is 
typically found to range from 1kHz to 100 MHz for existing capacitor sensor systems [99].   
The first step in the signal translation is the generation of a stable AC wave at a predetermined frequency.  
This wave is passed through a buffer and divider to supply the instrument with two identical wave forms 
without loading the wave generator.  The electrical noise of the building, electrical magnetic interference 
from the heaters and pumps, is then removed by passing the signal through a bandpass filter.  The signal 
is lastly shifted and amplified such that the output signal of the GCI transducer will provide a signal that 
will vary between 0.0 mV and 200.0 mV, which is the most accurate measurement range of a typical DAQ 
card.  This final step will provide a signal that will most efficiently utilize the measurement window of the 
selected DAQ card.  The signal conditioning equipment will output to the proposed DAQ card, which is the 
National Instruments 9205 Compact Rio card which has an accuracy of +/- 157uV [100].  To illustrate the 
signal conversion process a flow chart is shown in Figure 3-7.  
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Figure 3-7: Flow chart depicting the functional components needed transform a change in instrument 
capacitance into a change in DC voltage. 
One issue that often plagues a measurement system is the noise induced from stray capacitance and 
inductance.  These issues are always present because with every pair of conductors, a small capacitance 
and inductance are present.  These effects can be minimized by using a few best practices such as using 
twisted pair wire [101], ensuring that each pair of conductors in an instrumentation path has balanced 
and opposing current loads, and by  removing all ground loops throughout the circuit  [98].  In 
instrumentation lines, determining the ratio of the signal wavelength to the physical length of the wires is 
important.  If the signal wavelength is greater than the length of the conductor, impedance matching is 
not important [102].  Impedance matching is typically important in very high frequency systems.  In 
industrial applications where the instrument lines may be 100ft long, the signal frequency would need to 
be less than 7.8 MHz.  This cutoff frequency can be determined because frequency, f, and wavelength, λ, 
are proportional to a characteristic velocity, ν, as shown below: 
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=
,  (3.17) 
where in a typical instrumentation cable with copper conductors has characteristic velocity that is 80 % of 
the speed of light [103].  In addition to building a system to minimize the stray capacitance and 
inductance issues, an in situ calibration will account for parasitic capacitance in the system [104].  The  
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following subsections will discuss each step of the signal conversion process in greater detail.  A full 
schematic of the signal board can be found in Appendix A-5. 
 
3.3.1  INDUSTRIAL NOISE AND FREQUENCY SELECTION 
The environment surrounding any measurement system is constantly bombarded with electro-magnetic 
interference (EMI).  Capacitance sensors are operated over a very wide range of frequencies, which is 
dependent on the material being measured, length of the sense line, and operating environment.  In 
water systems the frequency must be higher to minimize the signal conducting between the plates, on 
the order of MHz [49].  A frequency of 10 kHz is used in many studies, where the electrical conductivity of 
the material being measured is low.  This frequency will provide a high enough frequency to operate 
outside the majority of the electrical noise that is conducted down the wires and is slow enough to 
minimize the error due to residual inductance found at higher frequencies [105] [106]. 
In many industrial applications, high voltage three-phase systems are present.  Nuclear reactor 
containments contain large pumps that utilize these power distribution systems.  Each phase of the power 
is separated by 120°.  This means that in measurement systems that as subjected to the noise being 
emitted from the three phase systems will receive input from all three wave forms.  At the primary 
frequency the three components will destructively combine to induce no noise.  A plot of the three 
primary waves in displayed in Figure 3-8.  In this figure the Red, Blue, and Yellow waves represent each leg 
of the power distribution system.  The green line is the sum of the three.  The three wave forms also 
interact to produce harmonic wave at higher frequencies that are odd multiples of each other.  So a 60 Hz 
system would also have harmonics at each odd multiple with the first three harmonics wave frequencies 
being 180 Hz, 300 Hz, 420 Hz.  At most of these harmonic frequencies the waves will destructively 
combine and product a null wave.  An odd pattern is observed at each harmonic that is a multiple of 3.  
These harmonics constructively combine to produce a wave with a magnitude of  three times the 
individual wave’s amplitude.  These frequencies are referred to as triplen frequencies, and are to most 
significant source of noise in a system.  To visually represent this phenomenon plots of the 1
st, 3
rd, 5
th, 7
th, 
and 9
th harmonics are included in Figure 3-8 through Figure 3-12 where the wave are seen to add together 
in the 3
rd and 9
th harmonic.  
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Figure 3-8: Plot of the waveforms of a 3-phase power system centered about 3 volts for clarity, shown at 
the 1
st harmonic- 60 Hz. 
 
Figure 3-9: Plot of the waveforms of a 3-phase power system centered about 3 volts for clarity, shown at 
the 3
rd harmonic- 180 Hz. 
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Figure 3-10: Plot of the waveforms of a 3-phase power system centered about 3 volts for clarity, shown at 
the 5
th harmonic- 300 Hz. 
 
 
Figure 3-11: Plot of the waveforms of a 3-phase power system centered about 3 volts for clarity, shown at 
the 7
th harmonic- 420 Hz. 
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Figure 3-12: Plot of the waveforms of a 3-phase power system centered about 3 volts for clarity, shown at 
the 9
th harmonic- 540 Hz. 
Following common practices a system frequency of approximately 10 kHz was desired.  This frequency 
would be high enough to allow rapid signal conversion without the difficulty of needing impedance 
matching of the circuitry.  It is also desired to choose a system frequency that between two of the triplen 
frequencies from the three-phase power systems that would reside near the sensors.  It was chosen to 
develop a system for the U.S. which uses power supplied at 60 Hz.  The triplen frequencies surrounding 10 
kHz is the 165
th harmonic at 9900 Hz and the 171th harmonic at 10,260 Hz.  Centering the target between 
these two frequencies provided the basis for developing the system frequency at 10,080 Hz. 
3.3.2  WAVE GENERATION 
Nearly all electronic devices possess an oscillating waveform to drive a given function.  In the case of this 
work, a sine wave is needed to drive the voltage divider.  There are many methods of generating a sine 
wave, from building a simple coupled resistor capacitor device known as a relaxation oscillator to complex 
digital simulation chips that use 2000 point per cycle lookup tables.  The complexity of the circuit is 
usually driven by the requirements of the output.  A wave generator is usually considered based on four 
main criteria: amplitude stability, frequency stability, purity of wave form, and circuit complexity.  For this 
application,  the circuit’s amplitude stability is the primary characteristic followed secondly by circuit 
complexity.  The amplitude stability is the primary criteria because the system is built around 
manipulating the amplitude of AC waves to translate a change in capacitance into a change in DC voltage.  
The system complexity is a secondary concern to minimize the cost of production.   
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In searching for an oscillator circuit with the best amplitude stability, digital circuits were not considered 
due to the complexity of implementation and the large circuit count.  In evaluating the output 
characteristics of the analog oscillator circuits the bubba oscillator was chosen.  The bubba oscillator is a 
member of the phase shift oscillator family, which is simply a chain of nodes that shift the phase of an 
incoming wave form by a known amount.  To sustain an oscillation the chain of nodes must provide a total 
phase shift of 180º.  Typically the phase is shifted by passing the signal through a RC Filter and based on 
the values of the components the associated phase shift can be determined such that the shift is 45º, 
67.5º, or 90º [107].  The output of the last node feeds back into the first node to keep the oscillation 
continuing.  To limit the distortion from the current passing through each node, an op-amp can be placed 
between each node to provide isolation.  The bubba oscillator uses four nodes each having a 90º phase 
shift.  This filter is more complex than most analog wave generators but its amplitude stability is superior 
to other designs with fewer nodes [108].  A schematic of the oscillator is displayed in Figure 3-13. 
 
Figure 3-13: Electrical diagram of the Bubba Oscillator [108], where the resistors R and capacitors C are 
used to set the oscillation frequency. 
The desired frequency of the system can be set by choosing the resistor, R, and capacitor, C, values using 
the following equation: 
 
1
2*
f
RC π
= .  (3.18) 
Based in component availability and the load sourcing capacity of the selected op-amp the values of R and 
C can be optimized to provide the desired signal.  The technical data sheets for op-amps suggest starting  
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with a capacitance value of 1.0 μF.  Capacitors are offered with less variability than resistors and thus 
when tuning a circuit, the capacitor value is selected from the commercially available stock before 
determining the necessary resistor values.  To sustain an oscillation the circuit must meet the Nyquist 
criteria stating that the circuit gain must be greater than 1.  The gain in this circuit is set by the ratio of RF 
and RG as shown in the diagram.  The Nyquist criteria must be met with each op-amp and as such the 
entire circuit must have a gain of greater than 4.  RF and RG are chosen to be on the order of kΩ and MΩ to 
minimize the voltage drop across them and reduce the loading on the op-amps [107]. 
3.3.3  SIGNAL SPLITTING 
To reduce the noise within the GCI itself, best practices suggest surrounding the sensor with a target 
electrode [109].  The physical requirements of this will be discussed in subsequent sections.  Electrically 
this best practice requires that the sensor and target electrodes be supplied with the same input signal 
without influencing each other.  This can be done by passing the output of the oscillator into two op-amps 
configured as buffers.  If both buffers are on the same chip and amplified equally the output of the two 
will be in phase and of equal amplitude.  Additionally by using op-amps to provide the buffering, neither 
electrode will be able to load the oscillator, which provides a more stable system that using only passive 
components.  To illustrate the circuit component, a diagram is shown in Figure 3-14.   
 
Figure 3-14: Simplified diagram of the signal splitting circuit. 
 
3.3.4  VOLTAGE DIVIDER 
The capacitor divider functions similarly to a resistor divider but used in AC signals instead of DC signals.  
For clarity a schematic of the divider is shown in Figure 3-15, where C1 is a reference capacitor installed on 
the signal conditioning board and C2 represents that capacitance of the GCI.  The divider allows a change 
in capacitance to be perceived in a change in waveform amplitude.  Thus the waveform generated by the 
bubba oscillator is passed through the divider and the amplitude is attenuated by the ratio of C1 and C2.  
While a simple step in the signal transformation it is one of the most essential transformations because 
the magnitude of the GCI’s capacitance is no longer very important, it is just the relationship between C1 
and C2.  This relationship allows the signal board to accommodate most any GCI size, assuming the circuits 
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can provide enough load to drive the GCI, C1 can be scaled to provide the best signal sensitivity for each 
instrument. 
 
Figure 3-15: Simplified diagram of a capacitance divider. 
With a constant input voltage, the output of the divider will change based on the change either capacitor.  
Assuming a stable reference capacitor, the only change in the divider output would be caused by a change 
in C2.  The output amplitude can be determined by: 
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where C1 would be the capacitance of the reference capacitor installed on the signal conditioning board 
and C2 is the capacitance of the GCI.  To determine the optimum ratio between C1 and C2 the divider 
sensitivity was calculated by taking the first derivative of (3.19) was taken with respected to C2: 
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The optimum divider sensitivity is determined by the maximum magnitude of dV/dC2.  As shown in Figure 
3-16, the divider is most sensitive when C2  << C1.  For practical purposes, C1  was chosen to be 
approximately 100 C2. 
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Figure 3-16: Plot of the capacitive divider output (top) and the divider sensitivity (bottom) both as a 
function of C2 where Vin = 10 VAC and C1 = 10 nF. 
3.3.5  BANDPASS FILTER 
Following the voltage divider, the signal is filtered to remove the majority of the noise in the signal from 
EMI.  It is desired to remove all signals that are not the 10,080 Hz instrument frequency (f0), and thus a 
bandpass filter is desired.  A filter can be viewed as a device that possesses a frequency dependent gain, 
where at a desired frequency the gain is 1 and at all other frequencies the gain is 0.  An actual filter does 
not exhibit a perfect transition, but depending on the desired characteristics of the filter a nearly perfect 
attenuation can be achieved.  A stopband is set such that a target frequency is reduced by 3 dB.  It is 
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desired to build a filter to remove the nearest triplen frequencies surrounding the signal frequency and 
thus the low stopband (f1) is chosen to be 9900Hz and the high stopband (f2) is 10,260 Hz.  The distance 
between the two stopbands is known as the filter bandwidth.  Typically a low pass filter can be coupled 
with a high pass filter to handle the filtering task, which is known as a wide-band bandpass filter.  This 
technique is only sufficient when the ratio of the high stopband frequency to low stopband frequency is 
greater than 1.5 [102].  For this application, the ratio of the stopband frequencies is 1.036, which requires 
a narrow-band bandpass filter, which differs from a wide-band bandpass in that the high and low filters 
are coupled instead of sequential.   
In the Art of Electronics, Hill outlines six criteria for a good filter [110]: 
a.  small numbers of parts 
b.  ease of adjustability 
c.  small spread of parts values, especially the capacitor values 
d.  undemanding use of the op-amp, especially requirements on slew rate, bandwidth, and 
output impedance 
e.  the ability to make high-Q filters 
f.  sensitivity of filter characteristics to component values and op-amp gain 
Using these criteria and the desire to implement a filter that does not attenuate the signal a Butterworth 
filter was selected.  While the frequency is shifted in a Butterworth filter, it has the flattest pass-band of 
analog filters.  Hill also recommends that the resistors in a filter remain on the order of 10 kΩ to 100kΩ in 
order to minimize loading of the op-amp [110]. 
Monolithic switched filters  were considered, but in this application the increase in chip count and 
complexity did not merit the use.  For example the Texas Instrument’s MF10 chip provides a 4
th order 
bandpass filter, but would require the addition of a clock signal.  This would require a timing chip and 
move the total component count to 16, -which is double that of the selected Butterworth filter.     
An active filter design was chosen to remove the component loading that can occur with passive filter 
design.  The following relationships provide the basis to choose the component values: 
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where Q is the filter quality and R1, R2, R3, and C1 refer to the values of the resistors and capacitors shown 
in Figure 3-17.  Capacitors C2 are used to filter the power supplied to the op-amp and chosen as directed 
by the manufacturer’s literature [111].  Using the chosen frequencies the filter quality was calculated to 
be 28, and C1 was selected to be 1.0 nF, based on the criteria that C1=10/f0 [110].  Using these values the 
resistors were determined to be R1 = 442 kΩ, R2 = 282 Ω, and R3 = 884 kΩ. 
 
Figure 3-17: Diagram of the narrow-band bandpass filter used in the signal conditioning board. 
 
3.3.6  RMS TO DC CONVERSION 
To conduct the RMS to DC conversion it was originally planned to build a simple rectifier and then add 
capacitors to smooth out the signal.  The main issue with this simple method is the difficulty in building a 
circuit that does not adversely change the input signal.  A more robust method of translating the signal 
was researched.  It was found that a typical multimeter uses a special integrated circuit (IC) that conducts 
an AC to DC conversion, a similar process to the conversion needed for this work.  The most accurate chip 
found to make this conversion was to the Analog Devices AD637-B.  The circuit was designed as suggested 
in the IC’s data sheet to use the built in scaling and signal tuning to minimize and signal distortions that 
happen during the translation. 
3.3.7  DAQ CONNECTION 
Each GCI will have a dedicated signal translation board associated with it.  The output of the board will be 
passed to the desired DAQ module using a shielded cable containing a single twisted pair of wires with a 
gauge between 16 and 22 AWG.  The GCI boards will contain screw terminals for the wires and the  
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shielding.  The GCI cards will also have screw terminals for the power input and connection for the 
instrument connection.  Each card will contain in total 9 terminals. 
3.3.8  PCB DESIGN 
The GCI signal translation circuit will be assembled on a custom printed circuit board (PCB), where the 
entire assembly will be known as the signal conditioning board (SCB).  This assembly will be enclosed in a 
purpose built container to provide appropriate shielding.  When designing PCBs using op-amps  the 
following best practices are recommended [112]: 
•  2-layer boards, devote bottom to ground, which helps reduce noise and stray 
impedance 
•  If multilayer- one inner ground plane and one inner power plane 
•  Keep analog ground and digital ground separate 
•  Place power and ground traces coincident 
•  Do not overlap ground planes 
•  Ensure only one chassis ground point 
•  Use ceramic capacitors over tantalum to minimize parasitic problems 
•  Include decoupling caps on every op-amp 
•  Decouple power at board level and chip level 
•  Minimize traces 
•  Minimize through holes  
•  Properly terminate unused op-amps 
The container to enclose the PCB must provide adequate shielding of the circuit.  The enclosure screws 
should be at ½ a wavelength apart, but 1/8
th wavelength is preferred [113].  For the GCI circuit the signal 
wavelength is 23 km.  This criterion is more important when shielding the EMI that is radiated from 
nearby components operating at very high frequencies.  Typically radiated EMI has a frequency above 30 
MHz, which has a wavelength on the order of meters.  This container must mount onto a DIN-Rail, 
support the PCB and provide the ability to support the associated wiring. 
3.3.9  THERMAL DRIFT 
While sometimes not significant, all material properties change with temperature.  This is because the 
atoms of a given material begin to vibrate faster as the temperature increases.  This phenomenon will 
cause thermal expansion in materials which will in-turn change a material’s ability to carry a charge.  In 
the specification sheets of a resistor the temperature coefficient of resistance (TCR) is reported to 
quantify the change in resistance of the device with respect to the change temperature.  The TCR is  
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typically reported in ppm / ºC for a reference temperature of 25 ºC.  This value will vary between a few 
ppm to 6000 ppm [102].  A temperature increase in a chip will occur from either of two mechanisms.  The 
first mechanism is internal heating from dissipated power and the second is heating from the surrounding 
temperature.  Circuits that require high stability must be designed in a manner to minimize the signal drift 
due to changes in chip temperature.  Thermal drift is not only an issue for resistors, but capacitors and 
integrated circuits as well.  In the signal conditioning board where these effects will be most noticeable 
will be in the divider circuit, where a change in the reference capacitor will be observed as a change in the 
instrument measurement. 
There are a few techniques commonly used to minimize the thermal drift of the signal.  The first 
technique is to remove as much heat from the components by using heat sinks mounted to a chip directly 
or to the entire PCB.  It is recommended to use a heat sink on any component consuming greater than 1 
watt of power [101].  The signal conditioning board is only expected to consume a maximum of 0.050 A at 
24 V DC, which is a 1.2 W power consumed by roughly 20 components.  In addition to removing the heat 
from the board, the thermal effects are also reduced by minimizing the energy consumption.  This is done 
by using large resistance value resistors where possible.  To further minimize the thermal drift of the 
signal, components with minimal TCR values should be used.  Of the resistor construction techniques, 
precision-film resistors have the lowest positive TRC and carbon-film resistors have a low negative TCR.  In 
the most sensitive applications these two types of resistors can be coupled to eliminate nearly all thermal 
drift from resistors.  Capacitor data sheets also contain temperature coefficient values.  Of the capacitor 
construction techniques, ceramic capacitors provide the least thermal drift, typically between 0 and 30 
ppm. 
In situations where thermal drift would cause severe signal degradation, a small oven can be placed 
around the specific components to hold them at a temperature above ambient.  This technique is used 
with certain crystal oscillator applications where the crystal is held at a constant temperature of 50 ºC 
during operation. This technique could be extended to the entire circuit board by placing the electronics 
in a temperature controlled environment, such as cooled instrument cabinet. 
In designing the signal conditioning board the power consumption is minimal, roughly 0.05 W per 
component, and thus heat sinks will not initially be used.  The critical components will be selected to have 
minimal temperature coefficients, and will be at specified values to minimize their individual load.  These 
steps will minimize the board’s temperature coefficient.  Lastly the board will be placed in an 
environment with a known temperature, such that during instrument calibration the thermal drift of the 
signal conditioners can be accounted for in addition to the temperature change of the GCI. 
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3.4  DESIGN OF COOLANT CHANNEL INSTRUMENT 
To make the gas composition measurements in the coolant channels, cylindrical capacitor geometry is a 
natural fit for the cylindrical nature of the coolant channels.  The capacitor is designed to maintain the 
channel flow area, but will require that the flow be redirected slightly, allowing for the center electrode.  
The basic design of the capacitor consists of an outer metallic cylinder with two end caps that will support 
the center electrode.  The ends of the center electrode are compressed to form riveted ends, which will 
hold the assembly together.  During the initial work the electrodes will be composed out of copper and 
the end caps will be made out of a non-conductive epoxy.  When the initial geometric characterizations 
are completed the materials will be changed to handle the high operating temperatures of the HTTF.  This 
two phase development will be done to allow easier assembly and modification as the initial geometry 
and conductor routing issues are handled.  A render of the coolant channel GCI can be found in Figure 
3-18 with labels denoting the key components.  This instrument is designed to be supported by a recess 
that is cast into the walls of selected coolant channels in the core blocks.  The instrument signal wiring will 
be routed through channels in the core block faces and routed out through the pressure boundary.  In the 
render of the coolant geometry instrument the outer cylinder is actually composed of three cylinders.  
The bulk of the cylinder is a ceramic liner which has the inner and outer face coated with a metal to 
provide the capacitor plates  for both the instrument capacitor and the reference capacitor.  In this 
geometry the three metallic faces are used to create the two capacitors that are needed.  
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Figure 3-18: Coolant Channel geometry for the GCI with the key components labeled. 
 
Figure 3-19: Plot of the sensor cross-sectional area compared to the channel flow area. 
3.5  DESIGN OF PLENUM INSTRUMENT 
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The plenum geometry GCI will be of the parallel plate geometry.  Two plate electrodes will be separated 
by a non-conductive spacer.  This spacer will also include a bolt which will allow the component to be 
mounted.  This instrument will be developed in two phases.  The phase  one  materials will be 
polycarbonate plates with copper electrodes applied to them and the second phase design will consist of 
a stack of graphite plates separated by insulators.  This two phase development will allow the initial work 
to be conducted with materials that are simpler to work with while the majority of the development work 
is being conducted.  Like the cylindrical geometry the plate design contains three conductive surfaces that 
will be used to create the two capacitors that are needed.  The proposed plenum geometry for the GCI 
can be seen in Figure 3-20. 
 
Figure 3-20: Plenum measurement geometry for the GCI, where the blue plates represent the electrodes, 
the green plates are silicon wafers, gray block is an epoxy spacer, and the black component is the support 
bolt. 
3.6  DESIGN OF CROSS-DUCT INSTRUMENT 
Designing a geometry for the cross duct is more difficult that the other two because the instrument needs 
to pass through multiple pressure and flow regions.  It is proposed to build an assembly of elliptical 
extrusions that have been applied with conductors on the surface.  This extrusion would be initially 
composed of epoxy and copper plate and after the initial development the assembly would be composed 
of high temperature stainless and ceramics.  The current design contains five independent instruments, 
which will allow the measurement of stratified gas layers that may exist within the cross-duct.  The bare 
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instrument can be seen in Figure  3-21  depicting the intended plate orientation, and the assembled 
instrument column is shown installed in the cross-duct in Figure 3-22.  The extruded channel contains a 
hollow core, which will provide a location for the electrical conductors.  This will minimize the flow 
disturbance by the instrument.  The extrusion thickness was increased to remove the need for cross 
members in the center of the instrument.  This decision was made to remove as much vertical disturbance 
of the flow such that the instrument minimally influences any stratified layer that may exist in the hot 
duct.  
 
Figure 3-21: Cross-duct instrument, where the red columns are extruded ceramic plates and the blue 
plates represent the electrodes deposited on the ceramic.  
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Figure 3-22: The instrument column installed in the cross-duct. 
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3.7  GAS CALIBRATION VOLUME 
Calibration curves are needed for each instrument,  both to accurately determine each instrument’s 
geometric constant and to ensure that the instrument measures the physical gas relationships discussed 
at the beginning of this chapter.  The gas column built for the initial proof of concept will not provide a 
clean enough set of boundary conditions to accurately calibrate the instruments produced.  To accurately 
develop and calibrate the GCI, an enclosed volume is needed that can provide a carefully controlled gas 
mixture and constant pressure with a known temperature.  This Gas Calibration Volume (GCV) must meet 
the following requirements: 
Gas Calibration Volume Requirements 
•  Capable of being evacuated to 27” Hg and holding vacuum for one hour 
•  Capable of being pressurized to 200 PSIG and with no less than 5% pressure loss over 24 hrs 
•  Provide method of measuring system temperature and pressure 
•  Provide ability to add fill gases repeatedly during operation 
•  Provide method of mixing the gas within the volume 
•  Provide ability to allow gases to separate and stratify 
•  Provide support mechanism for various GCI configurations 
•  Allow simple disassembly and reassembly to allow adjustments to the instrument 
A GCV has been designed to meet the above list of requirements.  The GCV is a basic flow loop comprised 
of two capped cylinders connected together. These cylinders are built using acrylic tubing with steel caps.   
The fan chamber is 12” length and encloses a variable speed fan and flow straightener.  The instrument 
chamber is 24” in length and contains the test instrument.  Lower caps of the tubes are built into a large 
steel plate measuring, 8” x 16”.  This plate contains a duct welded to the underside of the plate to allow 
fluid to pass between the two chambers as well as multiple electrical bulk heads, which allow the 
electrical signals and power supply for the fan to pass through the pressure boundary.  The upper plates 
of the chambers are also steel and contain the necessary fittings to connect the filling equipment, 
chamber connection hose, and instrument penetrations.  An o-ring resides within the recesses machined 
into the steel caps to provide the sealing surface.  Each chamber is held together with 4 bolts that are 
capable of applying enough pressure to maintain a seal during testing.   
The flow loop is connected to a valve manifold that will be used to control the gas composition inside the 
chamber.  The system will be first evacuated to at least 27” Hg to remove all of the ambient air from the 
system.  Once the system has been emptied, the test gas will be added to the system.  The gas added to 
the system will be Helium, Nitrogen or a mixture of the two.  The gases purchased for this work are only 
guaranteed to be 99.9% pure.  While gas with higher purity was available, the cost was not merited  
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because the impurities were not expected to distort the resultant data.  Using this method to carefully 
control the gas concentration within the GCV will allow for accurate calibration of each instrument. 
To calibrate the instruments, the system pressure and temperature must be measured.  The flow loop has 
been fitted with a Vacuum/Pressure Indicating gauge to provide the operator a visual indicator of the 
system conditions along with a static pressure instrument and a differential pressure (dP) instrument.  
The static pressure instrument will be used to determine the system pressure, at a higher accuracy than 
the gauge, and the dP instrument will be used to determine the flow rate passing through the instrument.  
To measure the system temperature the chamber will have K-type thermocouples installed both at the 
fan outlet and the instrument outlet.  The system is not intended to be heated, and thus the temperature 
will vary with the surrounding environment. A piping and instrumentation diagram of the chamber is 
located in Figure 3-23 to illustrate the instrument locations with relation to the flow components.  A CAD 
render of the GCV displays the key components in Figure 3-24. 
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Figure 3-23: Piping and instrumentation diagram of the gas calibration volume.  
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Figure 3-24: Render of the Gas Calibration volume, where the instrument is placed in the Gas Column. 
The GCV is designed to provide a known gas ratio for the sensor to measure, which will allow the 
confirmation of sensor operation.  The GCV can also be used to develop calibration curves for each senor 
with the candidate gases before installation into an industrial application that will provide a basis with 
which to compare the sensor’s operation after installation.  To provide a known gas mixture a simple 
process is followed: 
1.  Evacuate the GVC, allowing ample time for the pump to reach a minimum pressure.  The facility 
is designed to reach a minimum of 27 inches of Hg, which corresponds to less than 1% of the 
original contents.  At vacuum levels below 28 inches of Hg, it is assumed that the system is 
empty. 
2.  Fill with the first gas to a known pressure.  Allow the system to reach thermal equilibrium with 
the surrounding environment and then measure the system pressure and temperature (P1 and 
T1). 
3.  Add the second gas to the chamber.  Allow the system to reach thermal equilibrium again and 
measure the system pressure and temperature again (P2 and T2).   
4.  Compute GCV gas ratio. 
5.  Use sensor to measure the gas ratio and compare the results.  
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At ambient conditions the candidate gases behave as ideal gases and as such the gas ratio within the GCV 
or loop for ease of in notation, XL, can be simply calculated as the volume of the first gas, VG1, compared 
to the volume of the GCV, VL. 
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At P1 and T1, the number of moles of first gas, n1, is found using: 
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where R is the idea gas constant.  After the second gas has been filled, the volume of the first gas can be 
calculated using the combined gas law relationship: 
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where, V2 is the new volume of gas 1 after compression.  Solving equation (3.24) for V2 and substituted 
into  (3.22) where V2 = VG1, 
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An uncertainty analysis for this relationship was conducted in a similar manner as discussed in section 3.2.  
For each of the pressure and temperature terms, the UMF for each was 1.  The error in the two 
temperature terms is identical because the same instrument was used to collect both measurements.  
The same is true for the pressure measurements.  The uncertainty in XL can be calculated using the 
following relationship: 
 
22 22
L X PT U σσ = ±+   (3.26) 
Where  σP  and  σT  are the errors associated with the pressure and temperature measurements, 
respectively.  Using typical values, σP=0.5% and σT=1.0%, an expected uncertainty for this measurement is 
UXL = ± 1.5%.  It should be noted that this accuracy is only correct if the assumption that the total gas 
volume is constant over the full measurement pressure range.  It was calculated that there would a 
maximum radial expansion of 0.005 inches, or a 0.2% increase in radius using the material properties 
provided by the manufacturer [114].  Since the relative magnitude of the error in the radius is one fifth of 
the dominant error, this deviation can be ignored as suggested by Coleman [97]. 
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3.8  TEMPERATURE CALIBRATION 
As shown in section 3.2, the accuracy of the GCI is dependent on providing an accurate calibration of the 
instrument to measure the geometric parameters.  These parameters need to be measured both at 
ambient temperatures in a vacuum to determine the initial system baseline as well as a calibration over 
the operating temperature range to determine the effects of thermal expansion on the capacitance of the 
instrument.  Using the gas calibration volume the ambient temperature calibration is possible, but a high 
temperature furnace is needed.  A search through the labs of Oregon State University, found a furnace 
capable of achieving temperatures of 1600 ºC at the Microproducts Breakthrough Institute (MBI), which is 
a collaborative project between OSU and Pacific Northwest National Laboratory.  The remainder of this 
section will discuss the capabilities and operational characteristics of the furnace used to conduct the 
temperature calibration of the GCI. 
3.8.1  HIGH TEMPERATURE FURNACE 
A high temperature furnace was used to conduct instrument survivability tests as well as a geometric 
calibration proof of concept. The sample size was limited to fitting inside a 3.25" inner diameter Alumina 
tube. This tube has a wall thickness of 0.25" and is 48" in length and depicted Figure 3-25 for clarity. The 
tube is inserted into the furnace body where radiant heaters heat the exterior of the Alumina tube and 
the test sample is heated by energy conducted through the Alumina tube. The tube is capped on each end 
using a water cooled stainless steel cap that has a 1/4" NPT thread in the center. To provide a pressure 
seal, there is a rubber gasket between the tube face and the cap. The cap and seal are attached to the 
tube using a bolted hose clamp assembly, this connection is depicted in Figure 3-26. To provide a known 
gas environment during the heating processes, a gas flows through the tube and is exhausted out of the 
building. This quench gas is typically Nitrogen but Hydrogen or Argon is also available. 
The furnace is fitted with programmable controller that allows a multipoint heating cycle to be input. 
Typically, the samples were heated to a set temperature, held at that temperature for a specified dwell 
period, and then cooled to ambient temperatures for sample removal. The system is capable of heating at 
a rate of 7.5 °C / min but the facility technician recommended using a more conservative heating rate of 5 
°C / min. If the heating temperature was to be greater than 1400 °C, a 20 minute dwell period at 1405 °C 
was needed to allow the ends of the Alumina tube reach the appropriate temperature. After the dwell 
period, the heating can continue to 1600 °C at a rate of 3°C / min. To minimize the thermal shock, the 
rates of cooling should follow the heating rates, with a 20 minute dwell period at 1400 °C before 
proceeding back down to ambient temperatures, or lower set points.  
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The nitrogen flow rate passing through the alumina tube is 100 SCFH during the quench period and 40 
SCFH during operations.  The operations flow rate can be varied between 0 and 100 SCFH, but the flow 
rate of 40 SCFH was recommended by previous users of the furnace. 
   
Figure 3-25: Photograph of the furnace unit with the alumina tub installed (left) and the control panel 
(right).  
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Figure 3-26: Detail photograph depicting the method of coupling the Alumina tube to the water cooled 
cap. 
To provide a flat surface for the samples to reside, a ceramic sample holder was provided. This holder 
measured 6" in length and 2.5" across the flat face of the cross-section. The opposite face of the cross-
section is an arc that nearly matches the inner radius of the heating tube and for clarity is shown in Figure 
3-27. The samples to be tested are placed on this holder and slid 15" into the tube to place the sample in 
the center of the heating zone.  
   
Figure 3-27: Photograph of the sample holder: end view (left) and top view (right). 
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3.8.2  TESTING PROCEDURE 
The duration of the temperature calibrations can be as long as 16 hours due to the heating and cooling 
rates of the furnace.  Test lengths such as this require automation that allows the experimenter to focus 
other tasks as the furnace operates.  The furnace provided  an interface to program the desired 
temperature profile and thus the only procedure needed is for test initiation and test completion.  The 
two procedures follow: 
Furnace Test Initiation 
•  Ensure heating tube is installed properly 
•  Place sample on tray and insert into heating tube 15” 
•  Switch main breaker on furnace control box to: ON 
•  Turn furnace power switch to: ON 
•  Ensure cooling water and quench gas are flowing 
•  Attach end caps to heating tube 
•  Check the fluid systems for leaks to the environment 
•  Input heating routine into PID 
•  Ensure PID is set to use desired program 
•  Initiate Test 
Furnace Test Termination 
•  Ensure furnace and tube are cool 
•  Remove end cap 
•  Remove sample tray 
•  Inspect test sample and record observations 
•  Turn furnace power switch to: OFF 
•  Switch main breaker on furnace control box to: OFF 
•  Turn off furnace and face plate cooling systems 
 
3.8.3  TEST ACCURACY 
The accuracy of these tests is difficult to define because the history of the tools is unknown to the 
operator, since the furnace is controlled by a different subsidiary of the University.  To that end, this data 
would not meet  the quality requirements  of an NQA-1  metric, because the instrument pedigree is 
unknown.  This is not to say that the data is worthless; careful use of the furnace and data gathering can 
still provide a high degree of replication.  Using the criteria set forth by Coleman, data sets with a high  
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degree of replication can be used to accurately compare multiple samples [97].  In the case of these 
experiments, the most common experiment is the first  order time wise experiment where two 
consecutive experiments will be collected and compared to each other.  In this case it is assumed that 
there is no variance in the experimental data due to the difference in absolute time.  In typical 
experiments where humidity and ambient temperature are a common cause of signal drift, the furnace’s 
setup will minimize these conditions.  This is because the purge gas is delivered from an industrial sized 
liquid tank and the ambient temperature changes are compensated for by the feedback mechanism in the 
PID controller.   
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4  RESULTS AND OBSERVATIONS 
With the theoretical work completed,  as documented in Chapter 3, the components were built and 
tested.  The following sections will contain all pertinent experimental data and observations generated in 
testing the circuit boards, instrument configurations, and the test volumes.  Throughout this chapter, 
measurements and observations will be presented about the compete instrument along with information 
about specific components.  When referring to the “instrument”, it is intended to refer to the complete 
gas composition instrument, which is an assembly of smaller components: sensor, cables, and signal 
conditioning board.  When referring to the “sensor”, only the physical capacitor is being referenced. 
Throughout this chapter electrical measurements are reported.  The component level measurements 
were collected from an Agilent 34410A 6.5 digit digital multimeter (DMM) and a Tektronix TDS2004C 4-
channel oscilloscope.  Both of these instruments were operated within the manufacturers’ specifications 
and all measurements were taken within the calibration range and date.  Additionally a NI 9205 DAQ card 
was used to collect to system level measurements from the test loop.  This hardware is also within its 
calibration range and date and used as recommended by the manufacturer.  
Any physical is measurement is a representation of the true state of the entity being measured.  The 
difference between the true state of the item being measured and the measurement provided is known 
as the measurement error.  This error is broken into two categories: systemic error and random error.  
Systemic errors are  typically constant and a permanent property of the instrument, such as a 
thermocouple always reading 2 degrees higher than the true reading.  The random error is an error that 
varies in the system over time, such as the electrical noise in the system caused by radio wave 
interference.  Using a dart board as an example, the average distance from the center to each dart is the 
systemic error, while the distance between a cluster of darts is the random error.   To improve the 
accuracy of an instrument these two sources of error are combatted in different methods.  The systemic 
error can be accounted for through a calibration.  The random error must be removed through developing 
a more robust instrument that is less susceptible to the effects of EMI and random fluctuations.   
The true value of a given measurement will never be known, but using statistics the two errors can be 
separated and quantified through measurements.  When taking consecutive measurements on a steady 
state system it would be expected that the number output from the measurement system would be 
identical for each data point.  If the data for consecutive measurements in not identical, the variance in 
the data can be used to describe the noise in the system, or the random error.  The larger the data set the 
better the approximation of the noise in the system.  The average of the data can then be compared to a 
known reference during the calibration to determine the systemic error.  The total system error is then 
calculated using the square root of the sum of the squares for the two error sources:  
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  (4.1) 
where σT is the total error, σS is systemic error, and σR is the random error.  Much of this project’s testing 
focuses on the reduction of noise in the system.  This focus is to reduce the noise in the system to below 
the level of the systemic error. 
4.1  CIRCUIT BOARD TEST RESULTS 
The circuit board and associated components were assembled and tested.  The system in general 
functions well with some small adjustments that will be discussed in the subsequent subsections.  The 
board measures 2.5 inches wide and 3.8 inches long and consumes 32 mA when supplied with 24V DC.  
This power consumption is below the calculated current consumption of 50 mA.  During the initial 2 week 
board burn-in no system changes or component failures were observed and the power consumption 
measurements did not change.  The assembled board is shown in Figure 4-1 with the components for 
each function labeled. 
 
 
 
Figure 4-1: Image of the initial prototype circuit board 
Wave Generation  Buffer 
Voltage Divider 
Power Input and 
Conditioner 
Bandpass 
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During assembly of the board, each functional group of the board was installed and tested before 
subsequent components were installed.  This allowed the measurement of the power consumption for 
each group, which normally is not possible without the cutting of the board traces.  Both the individual 
component power consumption and total board consumption was measured to be within the values 
supplied by manufacturer in each component’s datasheet.  A tabulation of the initial power consumption 
can be seen in Table 4-1.    
Table 4-1: Tabulation of the prototype power consumption measured during board assembly. 
Components  Applied Voltage (V DC)  Current Draw (A) 
Basic Power Group  23.996  0.011 
+ Oscillator  23.998  0.022 
+ Buffer and Divider  23.998  0.025 
+ Bandpass Filter  23.997  0.029 
+ RMS to DC (Complete Board)  23.997  0.032 
 
 
The power conditioning circuit functioned as expected, providing indications of each power channel being 
properly supplied and buffering the power.  The axial-lead PICO fuse is awkward to install and replace.  
Additionally the fuses are not available in small enough amperage ratings.  The smallest fuse available is 
1/16 A, which is double the complete board’s consumption and beyond the current carrying capacity of 
op-amps.  A smaller fuse would ensure better circuit protection.  Future versions of this group of 
components could be reduced in cost and complexity by replacing the fuse and fuse holder with a 
resettable circuit breaker, which is available in a range of smaller current limits.  Additionally, the LEDs 
provide a useful diagnostic tool during development, but are not needed for industrial applications, and 
could be replaced with one small LED, which would reduce the board’s total energy consumption. 
4.1.1  WAVEFORM GENERATION 
The system oscillator was designed to output a sine wave with a 8.485V RMS amplitude at 10,080 Hz.  The 
components to produce a 10,080 Hz wave were not available and thus the closest available component 
provided a 10,078 Hz wave, theoretically.   The competed circuit output a wave at 8,918.2 ± 0.3 Hz with 
an RMS voltage of 3.936,2 ± 0.000,9 V AC.   The power supplied to the circuit board was measured to be 
11.987,38 ± 0.000,05 V DC and -11.989,29 ± 0.000,04 V DC, which is within the design limits and should 
not contribute to the measured distortions.  The resistors used in the circuit were rated to be 0.1% 
accuracy and the capacitors are rated to 2.0% accuracy, which does not account for the nearly 10% error 
in the desired frequency.   While the wave frequency and amplitude were not the expected values, the  
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shape of the waveform is a clean sine wave as expected.  The image gathered from the oscilloscope is 
shown in Figure 4-2 to illustrate the output waveform. 
 
 
Figure 4-2:  Screenshot from the oscilloscope of the initial oscillator wave form. 
Subsequent tests were conducted to determine the cause of the deviation from the desired waveform.  In 
viewing the output of each stage in the oscillator, it was observed that a severe drop in amplitude was 
observed between the first and second stages.  Upon further investigation it was determined that the  
op-amp was sourcing maximum through the first stage causing the op-amp and resistors to operate at 
elevated temperatures.  Upon this initial inspection a wiring error was found in the gain resistor. 
The wiring error was corrected on a second PCB and a new oscillator was assembled using larger resistors 
and better matched components.  Instead of just assuming the components from the supplier were within 
the design limit, each component was measured to find a group of four capacitors and four resistors that 
were similar.  To increase the stage resistance the 1.58 kΩ resistors were changed to 4.7 kΩ resistors.  This 
would reduce the oscillation frequency.  Calculating the frequency from the measured values a waveform 
of 3.382 kHz was expected, while the frequency of 3.441 kHz was the measured output of the second 
circuit.  The difference between the theoretical and measured frequencies is now within the error 
expected based on the variation in the component values.  The frequency discrepancy could be further 
reduced by using more accurately matched components.  It was also noted the op-amp resistors operate 
at cooler temperatures and the circuit draws 3 mA less in current.  The values for the oscillator values are 
included in Table 4-2 to display their measured values.   
 
77 
 
 
Table 4-2: Tabulation of the revised oscillator component values. 
Components  Capacitors  Resistors 
Stage 1   9.974 nF  4.7054 kΩ 
Stage 2  10.015 nF  4.7060 kΩ 
Stage 3  10.016 nF  4.7063 kΩ 
Stage 4   9.987 nF  4.7073 kΩ 
Average   9.998 nF  4.7063 kΩ 
   
The oscillator was reconfigured a second time with new components.  The resistors were 15.8 kΩ and the 
capacitors were 1 nF nominal values.  Both the resistors and capacitors were rated with a 1% tolerance 
and have a lower thermal coefficient than the initial components.  Ten of each component were ordered 
and then the four most closely matched components were used in the board, where the measured values 
can be found in Table 4-3.     
Table 4-3: Tabulation of the revised oscillator component values. 
Components  Capacitors  Resistors 
Stage 1  1.005 nF  15.796 kΩ 
Stage 2  1.005 nF  15.796 kΩ 
Stage 3  1.006 nF  15.796 kΩ 
Stage 4  1.005 nF  15.796 kΩ 
Average  1.005 nF  15.796 kΩ 
   
After installation, the circuit was measured to operate over a range from 10.07 kHz to 10.12 kHz based on 
the system gain.  The current prototype uses a potentiometer to set the gain of the oscillator, which was 
intended to provide the ability to fine tune the circuit.  The theoretical gain was 4.0, but in testing this 
would not sustain an oscillation.  The system gain was increased, by adjusting the potentiometer, and the 
circuit output was observed.  The system would begin steady oscillation when the gain was greater than 
4.3.  At minimum gain needed to sustain oscillation, the system frequency was measured to be 10,119.6 ± 
4Hz with circuit output amplitude of 2.639 ± 0.09 VAC RMS.  The gain was increased to the potentiometer 
maximum resistance where the gain had increased to 4.65.  At this point the system frequency was 
measured to be 10,070.5 ± 0.98 Hz with a circuit output amplitude of 2.963 ± 0.000831 VAC RMS. From 
these measurements it can be seen that a larger gain would provide a more stable amplitude. 
While adjusting the component values in the oscillator corrected the oscillation frequency issues, the 
amplitude issues were not handled.  Initially it was expected that the circuit would output a wave that 
traveled from rail-to-rail, or maximum to minimum voltage.  The prototype circuits had roughly a third of 
the expected amplitude.  An oscilloscope was used to inspect the circuit by probing the input and output 
of each component.  Initially this was done to inspect for bad solder joints, but it was found that probing  
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the output of the resistors are each stage provided a good picture into the waveform at that stage.  It was 
observed that with each stage there would be a phase shift of 45º and a decrease in amplitude.  The 
phase shift is expected because the phase shift provides the mechanism to create the oscillation.  The 
decrease in amplitude across each stage of the four stages was more troubling.  A plot of the measured 
waveforms at each stage is presented in Figure 4-3 to provide clarification, where the measurement is 
taken at the resistor in each stage. 
 
Figure 4-3: Plot of wave generated at each of the four nodes of the oscillator with minimal gain used to 
excite the oscillator. 
  After much testing and reading of electronic texts it became understood that the circuit is constructed in 
a manner that this amplitude reduction would occur.  The RC filter that is used in each stage of the 
oscillator will attenuate the wave simply because energy is flowing through the components.  The system 
gain is incorporated to overcome this loss, but since the gain is added at the first stage the subsequent 
stages will have an amplitude attenuation.  The circuit was designed to have a ~8 VAC RMS wave input 
into the voltage divider.  The current configuration only provided a ~3 VAC RMS signal, and it was decided 
that redistributing the gain at each stage would require a significant changes to the PCB layout.  Instead of 
acquiring new PCB’s, it was decided to modify the buffer such that it would amplify the signal such that 
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sufficient amplitude would be input into the voltage divider.  This change will be discussed in more detail 
in the following section. 
In inspecting the output from each stage, the waveform from the first stage was greatly affected by the 
circuit gain.  At minimal gain the wave output from the first stage was a nearly pure sine wave, but as the 
gain was increased the wave would begin to saturate and chop the tops of the sine wave off.  Initially is 
was assumed that this saturation was bad, but subsequent tests have shown that a more stable wave is 
produced when the first stage is slightly saturated.  The waveforms with minimal gain can be seen in 
Figure 4-3 and some saturation in Figure 4-4.  In future PCB designs, it would be recommended to remove 
the gain potentiometer and replace it with a surface mount resistor, where the oscillator gain is greater 
than 4.5, this change could also increase circuit stability because a small surface mount resistor has a 
lower thermal drift and EMI susceptibility than a potentiometer. 
 
 
Figure 4-4: Plot of the wave generated at each of the four nodes of the oscillator with over-saturated gain 
used to excite the oscillator. 
4.1.2  BUFFER MEASUREMENTS 
The function of the buffer was tested using the oscillator initially built.  Theoretically the buffer should not 
be sensitive to frequency or amplitude as long as the input wave is within the op-amp’s capabilities.  The 
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selected op-amp has frequency maximum of 1 MHz and can handle a waveform that travels from rail-to-
rail.  The capabilities of the op-amp provide a buffer capability that will theoretically not modify the 
waveform, only isolate the input from the output.  Upon construction of the buffer circuit, the theory was 
confirmed.  The two waves were nearly identical.  Using the DMM, no measurable differences were 
found.  An image taken from the oscilloscope can is shown in Figure 4-5, for reference.  It should be noted 
that in the image the output waveform is shifted on the display, because it completely covered the input 
wave.  Also, the measurements on the sidebar of the image are less accurate than that of the DMM and 
the displayed wave amplitude difference should be ignored.   
 
Figure 4-5: Image captured from an oscilloscope of the buffer and output. 
Once the oscillator attenuation issue was understood, it was desirable that the wave amplitude entering 
the voltage divider be higher.  To meet this need the buffers were changed to amplifiers by adding a 
resistor to the circuit as shown in Figure 4-6.  
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Figure 4-6: Diagram of comparing a buffer and amplifier configuration. 
A buffer is a circuit that is defined to have a gain of 1, where the gain of a circuit is the ratio of the input to 
output amplitude.  A gain greater than 1 would be a system that would amplify a system.  In this case it is 
desired to have a gain of 2, or a signal with twice the outlet amplitude as compared to the input 
amplitude.  The gain is calculated using the formula below: 
 
1
2
1
R
Gain
R
= +   (4.2) 
The modification was competed on the board using a 1 kΩ common wire wrapped resistor, while a 
surface mounted thin film resistor was desired, no traces were available on the current boards for use.  
Further revisions of the boards will include this change.  After making the modification the amplifier 
output was measured to find a wave with roughly double the amplitude.  A screen shot from the 
oscilloscope displays the two waves in Figure 4-7.  
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Figure 4-7: Screenshot from of oscilloscope displaying the amplifier input (CH1) and output (CH2). 
4.1.3  VOLTAGE DIVIDER MEASUREMENTS 
The voltage divider was constructed and tested.  After the initial amplitude issues were handled in the 
oscillators and the buffer/amplifier the response of the divider was evaluated.  The board was initially 
assembled with a 1 nF reference capacitor and a 1 nF check capacitor that was designed to represent the 
GCI during board testing.   The circuit was expected to output a roughly 3 V RMS wave and instead output 
a 1.07 V RMS wave.  After many tests it was determined that there were two sources for capacitance in 
the system that were unintended.  The first source of capacitance was the pins used in the bypass jumper 
to remove the check capacitor from the circuit and the second source of capacitance was the terminal 
blocks.  The check capacitor, jumper, and terminal blocks are all wired in parallel providing an additive 
effect.  When the check capacitor was removed from the circuit (by removing the jumper) the circuit 
output increased to 1.13 V RMS.  Using equation (3.19) the capacitance of the terminals was calculated to 
be effectively 4 nF.  For comparison these two waves are shown in Figure 4-9.  When measuring the 
terminals outside as an isolated component, no significant capacitance was measured.  This terminal 
capacitance will have to be accounted for when matching the reference capacitor to each specific GCI. 
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Figure 4-8: Oscilloscope screen shots showing the voltage divider input (CH1) and output waves (CH2) 
with the check cap installed (top graphic) and removed (bottom graphic).  
The best signal response of the divider is when the reference capacitor is much greater that the GCI.  Due 
to the large terminal capacitance a small capacitor to represent the GCI would not properly simulate the 
divider operating at the proper range.  To test the system sensitivity, the reference capacitor was replaced 
with a 100 nF capacitor.  This change was large enough to dominate the test capacitor and the terminal 
capacitance to provide the desired signal response.  A screenshot from the oscilloscope of the adjusted 
input and resultant output can be seen in Figure 4-9.  In this image the small change in phase and 
amplitude can be seen. 
Check Cap 
Attached 
Check Cap 
Removed  
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Figure 4-9: Screenshot when the reference capacitor is much greater than the sensor capacitor, where the 
output signal (CH2) is slightly lower than the input (CH1). 
4.1.4  BANDPASS FILTER TESTING 
After assembly of the prototype circuit board, the bandpass filter was tested to characterize its 
functionality.  Due to product availability, the component values determined in Chapter 3 were not 
available and components as close to the desired values were chosen.  The acquired component values 
are R1 = 442 kΩ ±1%, R2 = 280 Ω ±1%, R3 = 887 kΩ ±1%, and C1 1.0 nF ±2%.  These values provided a 
calculated f0 = 10,112 Hz with Q = 28.08.  Upon assembly the circuit was tested to determine the circuit’s 
response to a given input.  The input frequency was varied between 100 Hz and 1 MHz and the filter 
output was measured.  The general behavior provided steep signal attenuation as expected as input 
frequencies departed from the central frequency.  The circuit was found to have a central frequency of 
9,124 Hz, which caused significant signal attenuation.  Typically the filter response is rated in terms of 
decibels, dB, which is the relative ratio of the input and output signal.  A positive dB measurement would 
indicate the signal amplitude increased, as desired in an amplifier and a negative dB measurement the 
signal amplitude would decrease.  To calculate signal attenuation in dB, the following equation is used: 
  20*ln
Out
In
V
dB
V

= 

.  (4.3) 
The attenuation of the filter was plotted to check that the filter responded as expected.  This plot is 
shown Figure 4-10 and is typical of this style of filter.  It was expected that a wider passband was present, 
but there was significant signal attenuation at all frequencies.  
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Figure 4-10: Plot of the measured frequency response of the bandpass filter. 
The resistors in the circuit were replaced, where R3 became two resistors wired in series to better match 
R1.  The circuit was operated again and the new filter center was found to be at 9,115 Hz.  This point was 
chosen because it was the frequency with the minimum signal attenuation.  These board modifications 
did not help the filter’s performance, because the target frequency was further from the designed 
frequency and the signal attenuation increased from -5.0 dB to -6.3 dB.   
The capacitors were then replaced using a pair of closely matched capacitors, with values of 0.998 nF and 
0.992 nF.  Circuit tests were again conducted and found a center frequency of 8,887 Hz with a signal 
attenuation of -6.5 dB.  Again these changes only hurt the performance of the circuit. 
R2 was then replaced with a potentiometer at the recommendation of a filter trade paper published by 
Texas Instruments [115].  This recommendation allowed the central frequency of the filter to be tuned to 
the desired frequency.  This modification did provide that functionality, but the signal attenuation 
increased to -7.4 dB at 10,080 Hz.  R2 was originally calculated to be 280 Ω and once the circuit was 
adjusted to the proper frequency the measured value was 208 Ω, where the filter’s effect on the 
waveform is shown in Figure 4-11.  Through these tests it was also noticed that the central frequency of 
the filter correlated to a 180º phase shift.  While the filter needed improvement in the central band it did 
remove low (order of Hz) and high (order of MHz) frequencies from the signal as shown in Figure 4-12.  
This function is essential to remove the majority of industrial noise (typically f < 100 Hz) and 
radiofrequency noise (typically f > 500 kHz).  
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Figure 4-11: Screenshot from the oscilloscope at the filter input (CH1) and filter output (CH2) when tuned 
to 10,080 Hz.  
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(a)  10 Hz 
 
(b)  500 kHz 
Figure 4-12: Screen shot of the oscilloscope measuring the attenuation for the bandpass filter shown at 
bounding frequencies, where the CH1 is the input wave form and the CH2 is the filter output. 
The phase shift of a filter is frequency dependent similar to the frequency dependence of the attenuation.  
The central frequency of a bandpass filter will correspond with a 180 degree phase shift between the 
input and the output as discussed filter application notes [115].  The relationship can be seen in Figure 
4-13, where screen shots of the oscilloscope are displayed at three frequencies around the central 
frequency.  The phase shift of filter does not affect the system sensitivity.  The signal attenuation is too 
large to merit keeping the filter in the circuit and thus the filter will be bypassed in all subsequent tests.  
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( a )   8.0 kHz         
( b )  9.1 kHz         
( c )  10.0 kHz        
Figure 4-13: Oscilloscope screen shot displaying the input (yellow trace) and output (blue trace) of the 
bandpass filter at three frequencies: 8.0 kHz (a), 9.1 kHz (b), and 10.0 kHz (c).  
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4.2  LONG TERM CIRCUIT TESTING 
During the evolution of the signal conditioning board, long term tests were conducted to observe the 
stability of the signal output with and without attached sensors.  The first test was during the board’s 
initial burn-in over a two week period.  This test was conducted without a sensor attached and the board 
sitting on the bench top.  This configuration was determined to be a worst case scenario because the 
board was provided no shielding.  While data was not collected during the entire time, it was observed 
that output signal remained within a 5 mV window over a 24 hour period, but the system noise was ±15 
mV.  While the results were not terrible, an improvement in the signal quality was needed to reduce the 
system noise. 
The data collected in the initial set of stability tests was very difficult to process because the LabVIEW VI 
used to collect the data from the test loop and the signal conditioner output 300,000 lines of data over a 
24 hour period.  The DAQ card was programmed to collect packets of 100 samples with a sampling rate of 
1kHz, which provides a large amount of data over a 0.1 second interval.  
 The decision to collect 100 samples over a 0.1 second period was based on the desire to have enough 
data over a small enough time span to draw conclusions about the noise in the system.  These tests were 
run for hours  in what is assumed a steady state environment.  Through inspecting the temperature 
measurements, there is a change in ambient temperature but the change is only a few degrees over an 
entire day and thus assuming the system is at a steady state over the 0.1 second measurement interval is 
valid.  The decision to collect 100 samples was based on the use of the T-test in calculating experimental 
error.  This test provides a measure of uncertainty based on the number of samples where the uncertainty 
decreases with an increased sampling pool.  This “T-test” value is typically tabulated in statistics textbooks 
and the values for 100 samples is very near the values for an infinite number of data points and thus using 
the direction of Coleman, 100 data points provides a balance between sample size and ensuring a steady 
state measurement [97]. 
To aid in the processing of the data this packet was averaged within the software and only the average 
over that 0.1s was reported along with the standard deviation of the 100 individual points of data.  Since 
the system was in a relative steady state, the standard deviation of the measurements is a manifestation 
of the signal noise present in the system.   The collection software was modified to limit the data output 
to only the average and standard deviation for signal conditioner output, loop temperature, and loop 
pressure.  This real time data reduction provided a more useful data set to draw conclusions during the 
post processing.  The system was programmed to create a comma separated value (CSV) file to be used in 
the post-processing of the data.  This process allowed 1000 data points to be statistically reduced into 9 
data points without losing a significant amount of data, where this process is outlined in Figure 4-14.    
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Figure 4-14: Flow chart outlining the process to reduce the data collected by the DAQ system in an effort 
to import post-processing. 
Work was carried out to establish a solid ground plane, such that all instruments, power supplies and the 
DAQ system are at the same ground potential.  This change was expected to reduce the noise in the 
system because all points of ground will be at the same point instead of being able to drift due to EMI.  An 
aluminum can was built to support and surround the signal conditioning board, providing a metallic 
envelope to completely shield the board.  After the shielding modifications the system was operated for a 
two week period.  Data was collected for most of this period but the computer controlling the DAQ 
hardware was prone to crashes causing a loss of data.  The period of longest measurement duration was 
slightly over 60 hours.  During this period the loop temperature and the signal output from the signal 
conditioning board were measured.  The noise in the temperature measurement was typical and on the 
order of ± 1*10
-15 ºC.  The noise in the GCI output was an improvement on the baseline taken earlier.  The  
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board noise was measured to be ± 1.55 mV on average, where the variance in this average noise was only 
54 μV.  It was encouraging to see the reduction in the noise and that the noise was fairly constant over 
the 60 hour measurement window.  While improvement was needed, the constant noise is easier to 
handle than random noise because the source is more difficult to track down.  The constant noise is 
typically the energy absorbed from power lines and radio frequencies in the air.  Also, over the 60 hour 
time period, the temperature of the environment was measured to vary over 4 ºC and the signal board 
can be seen to directly follow the temperature, as shown in Figure 4-15.  The thermocouple used to 
collect this measurement was mounted in the test loop and is far enough removed that only trends in the 
temperature coefficient of the board can be made.  A temperature coefficient of 0.002 V/ºC was 
calculated in an effort to determine the order of magnitude. 
 
Figure 4-15: Plot of the data collected during the initial shielding test of the signal conditioning board, 
where ambient temperature and the GCI signal are plotted. 
After the initial shielding work was conducted the board required improvements to reduce the system 
noise further.  At this time the oscillator was rebuilt with higher accuracy components, the buffer was 
modifier to amplify the signal and the divider was adjusted to account for the stray capacitance in the 
board and connectors.  These changes manifested in a nominal board output of 1.02 V DC to 5.3 V DC at 
ambient conditions in air.  The board was again tested over one week, but due to the system instability  
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only small windows of data were saved.  The longest test was one that ran for 24 hours continuously.  
Other than one rapid drop in ambient temperature the system was operated at a quasi-steady state.  This 
rapid drop in temperature occurred roughly 19 hours into the test.  This happened because there was a 
rapid air exchange between the measurement room and the outside, a large door was opened.  During 
this time the assumption that the system was at a thermal steady state is probably not valid based on the 
temperature gradient at that point.  During the remainder of the 24 hour period the steady state 
assumption holds based on the minimal temperature gradient during the test.  The noise in the 
temperature reading was very small, order 10
-15 ºC.  The noise in the GCI signal output was reduced from 
±1.55 mV as measured in the previous test to an average noise of ±317 μV over the 24 hour period, with a 
variance in the noise of ±14 μV.  This test showed that the board modifications increased the signal to 
noise ratio significantly.  Additionally the reduction in the variance of the noise would demonstrate that 
less random noise is being injected into the system.  Again the data showed a strong relationship between 
ambient temperature and output voltage, where the order of magnitude for the temperature coefficient 
is 0.003 V/ºC.  The signal’s noise and the temperature during the measurement period are plotted in 
Figure 4-16 for clarity. 
 
Figure 4-16: Plot of the data collected over a 24 hour period when measuring only the signal conditioning 
board without a sensor connected.  
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The parallel plate sensor mounted in the test loop and attached to the signal conditioning board.  The test 
loop was then evacuated to lowest capability of the pump attached to the system.  The system pressure 
was measured to be 0.22 ± 0.14 psia.  While the pressure transducer is rated for a 1% accuracy, the noise 
in the system contributes to the majority of the uncertainty in the signal.  Due to the small size in the test 
loop it is doubtful the variation in the pressure is physical measurement.  During this test the length was 
limited to 15 hours due to computer stability problems.  The purpose of this test was to develop a 
baseline measurement for the evacuated sensor.  The noise in the temperature is small as expected and 
the noise in the GCI signal was ±667  μV over the 15 hour window.  The variance in the noise was 
calculated to be ±17 μV.  It was also determined that there was a temperature coefficient of 0.018 V/ºC.  
In this measurement the quantification of the temperature coefficient was more accurate because the 
sensor and thermocouple were in the same stagnant gas space.  One interesting phenomenon noticed 
through these tests was there is a significant lag in the signal at the test initiation; this lag seems like a 
warm-up period.  It can be easily seen in Figure 4-17 where the signal slowly increases to 5.337 V DC over 
the first hour of the test, where this increase output does not match the system temperature variation. 
 
Figure 4-17: Plot of the CGI output over a 15 hour period, after final board modifications. 
  
 
94 
 
 
These stability tests  show that the  signal conditioning board provides a stable and repeatable 
transformation of the sensor’s signal.  The first two tests used the test voltage divider on the board and 
the third test incorporated the sensor.  The noise in the system is larger than desired but it has been seen 
to manifest in a constant manner that filtering and data averaging can be used to remove the adverse 
effects.  The noise in the system can be further reduced by incorporating better shielding in two places.  
The first location would be to provide shielding on all components between the signal conditioning board 
and the DAQ hardware, as it is currently setup there is a terminal block that is completely unshielded.  The 
second location is within the test loop.  There is a bulkhead on the floor of the test loop to aid in the 
connection of the sensors to the pressure boundary feed through.  This connection is unshielded and has 
a large surface area to absorb unwanted waves.  Both of these locations are unique to the current test 
apparatus setup and can be eliminated in future work.  In additional to installing shielding on all 
components within the system, the noise could be further by incorporating a filter onto the board.  The 
current version of the board has a filter that has been bypassed because of its poor performance.  Future 
iterations of the board would benefit from a better filter design.  
4.3  COOLANT CHANNEL INSTRUMENT 
Building off of the work found in early cross-capacitor studies, a cylindrical sensor design was developed.  
This design used conical supports to align and separate the electrodes.  The intent for this design was to 
build a set of three concentric cylinders such that the inner most was the sensor, the middle the target 
and the outer cylinder the shield.  These three cylinders would be held between two conical faces that 
provided support and the conical face ensured concentricity, where the uncoated parts are shown in 
Figure 4-18 to display the conical faces.  The initial prototype was built out of copper and brass because of 
the metal’s good conductivity and ease of machining.  The conical faces were fitted with holes to allow 
flow to travel between the sensor and the target.  Two models of this design were built, one coated in a 
high temperature coating.  This coating was designed for a maximum temperature of 2000 ºF (1093 ºC) 
and initial tests show that the instrument should handle 1000 ºC.   The machining of these parts was not 
too difficult in metals, but to move this design toward a 1600 ºC operating window, the wall thickness will 
begin to push the limits of graphite fabrication, because of its brittleness.  While this design provided the 
best theoretical sensor shielding, the fabrication limitations of the components made the design 
unrealistic.    
 
95 
 
 
 
Figure 4-18: Photograph of the initial cylindrical prototype, disassembled. 
The design was simplified to reduce the fabrication limitations.  Instead of many concentric cylinders the 
sensor design was reduced to a heavier walled cylinder that supported a solid rod.  Where the rod was the 
sensor and the cylinder was the target.  The sensor does not have shielding, but that is because the 
materials are required to use less complex designs to survive.  Another alternative would be to use 
alumina tubes with a conductor electro-deposited on the tubing to provide the electrodes.  This process is 
expensive and beyond the scope of this work, as a primary design consideration availability of the parts 
and material.  The simplified sensor was built in two iterations.  The first iteration used a longitudinal 
mullite spacer that exhibited plastic deformation during firing as discussed in section 4.5.  The mullite 
spacer was replaced with a lateral alumina spacer that demonstrated excellent stability during firing.  The 
resultant design is shown in Figure  4-19, where it should be noted that the copper wire would be 
removed during installation.  
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Figure 4-19: Photograph of the simplified cylindrical sensor design, where the copper wires are to be 
removed during installation. 
4.4  PLENUM INSTRUMENT 
An initial design for the parallel plate capacitor was built and installed in the test loop.  This capacitor was 
built out of polycarbonate plates with copper foils bonded to the faces.  While this instrument was not 
designed to operate over the desired system temperatures, the instrument was able to prove the initial 
design and provide the initial testing data to demonstrate the system’s function, and can be seen in Figure 
4-20.  Building off of what was learned from the heating tests and operation of the polycarbonate plate 
sensor, a high temperature sensor has been designed.  The sensor was designed to use either titanium or 
graphite electrodes.  The spacers between the electrodes are intended be composed of alumina, which a 
render is shown in Figure 4-21.  
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Figure 4-20: Picture of the two polycarbonate plate sensors installed in the test loop. 
 
 
Figure 4-21: Render of the proposed parallel plate capacitor with critical components labeled. 
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4.5  MATERIAL SURVIVABILITY TESTING 
There were many tests conducted using the furnace at MBI.  The first tests were simple survivability tests, 
which then led to oxidation tests and finally instrument tests.  The remainder of this section will cover 
each phase of temperature test. 
4.5.1  GRAPHITE COATING SURVIVABILITY TESTS: TESTS #1-3 
A high temperature coating was procured for the use on porous non-metallic surfaces.  This coating is 
rated with a maximum temperature of 2500 ºF (1370 ºC), produced by Aremco Products.  This coating’s 
product number is HIE-COAT 840-C2 and the manufacturer recommend applying three coats to a clean 
surface and allowing three hours of dry time before use.  In applying the coating to the graphite pieces, 
each component was dipped into the coating and allowed to air dry for 3 hours before each additional 
coating.  Compressed air was used to remove any fine particles from the graphite surface.  Typically in 
applying a coating, such as paint, the coating will wet the surface during application.  This coating was odd 
in that would sit on top of metals, never bonding, and only wet certain areas of the graphite.  After 
repeated coats of the HIE-COAT on the graphite the entire surface was covered, but the amount of 
buildup varied across the surface. 
The purpose of the first three tests was to determine if the coating would remain bonded to the graphite 
after firing and if the electrical resistance of the coating changed.  The test was carried out in three steps 
working towards the stated  operating  temperature of the coating.  The first test was conducted on 
6/29/2012 where a coated graphite tube was heated to a temperature of 1000 °C.  The following heating 
cycle was used: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1000 °C at 5 °C /min 
•  Dwell: 30 min 
•  Cool: to 100 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
The sample was removed from the furnace after the thermal cycle where a significant color change was 
observed. Oddly the color change was present on the faces oriented toward the walls of alumina tube 
(top face), but not on the face of the test sample oriented toward the sample holder (bottom face).  
Photographs of the tube before and after firing are displayed in Figure 4-22 to demonstrate the change in 
color.   
To test the HIE-COAT’s ability to perform as an electrical insulator, the resistance across the material 
before and after each firing was measured.  A DMM was used to make resistance measurements between  
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in inner and outer faces of the graphite tube.  Before coating the resistance was smaller than measurable 
by the DMM.  After the initial coating the resistance across the tube wall was greater than 1 MΩ.  After 
the initial firing, the resistance through the wall did not change.  This held true for regions where the 
coating was green or black. 
      
Figure 4-22: Pictures of the test sample: before firing (left), top of tube after firing (middle), and bottom of 
tube after firing (right). 
Test #2 the furnace was operated to the maximum temperature of 1200 ºC, following the same heating 
rates as test #1.  This test was conducted on 07/05/2012, where following heating cycle was used: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1200 °C at 5 °C /min 
•  Dwell: 30 min 
•  Cool: to 100 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
After heating to 1200 ˚C, the coating color darkened in places from green to brown and the spalling of the 
coating at the ends of the tube propagated down the outside of the tube roughly 1/8".  The remainder of 
the coating on the outer diameter remained intact with minimal spalling and provided a smooth surface 
with a slight orange peel texture, which was characteristic of the initial surface finish after the coating.  In  
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comparing a fired sample with an unfired sample, the areas of greatest coating spalling occurred where 
the largest amounts of paint resided.  The test samples were coated by submerging the test specimen into 
the coating material, which left a buildup of coating on the bottom face when the samples were allowed 
to hang and dry.  It would be recommended that future samples be coated using a brushing technique 
instead of a submersion technique.  No change in the coating electrical resistivity was measured. 
Test #3 increased the furnace maximum temperature to 1400 ºC, following the same heating rates as test 
#1.  While this temperature is 30 ºC above the manufacturer’s specified maximum temperature of the 
coating, the temperature was chosen to see how sensitive the coatings temperature threshold is.  This 
test was conducted on 07/06/2012, where following heating cycle was used: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1400 °C at 5 °C /min 
•  Dwell: 30 min 
•  Cool: 100 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
After heating to 1400 ˚C, the graphite tube underneath the coating appeared to remain intact.  The 
coating on the other hand did not survive the excessive temperature.  The coating appears to have 
become thinner to the point where the graphite can be seen though the coating.  The coating has spalled 
off in many places, almost completely on the ends and many spots along the tube wall.  The inner tube 
wall is almost devoid of the coating but there is a faint green layer to indicate some coating remains.  
There is a dark stain on the wall of the alumina tube, most likely from the coating leaving the surface.  
With the coating being held at a temperature above its rated maximum temperature the coating could 
have boiled off.   Again no change in the coating electrical resistivity was measured. 
4.5.2   STUDIES IN OXIDATION:  TEST #4 – #8 
In test #3 there appeared to be a loss of mass from the test sample.  It was desired to determine if the 
loss of mass was from the coating, the graphite tube, or both.  Tests were conducted to measure if a mass 
change was present where a coated sample and an uncoated sample were placed in the furnace such that 
their masses before and after the thermal cycle were measured to determine any loss in mass.  The 
samples used for test #4 were exposed to a maximum temperature for 1200 ºC with a dwell time of 60 
minutes.  Test #5 increased the maximum temperature to 1350 ºC with a dwell time of 60 minutes and 
test #6 increased the dwell time to 200 minutes.  Test #7 increased the maximum temperature to 1550 ºC 
using a 60 minute dwell time and test #8 extended the dwell time to 200 minutes at 1550 ºC.  Figure 4-23 
depicts the orientation of the test samples on the sample holder.  In this image the discoloration on the 
Alumina walls of the furnace can be seen.  
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Figure 4-23: Photograph of both test samples on the sample holder after the first firing at 1000 ºC. 
 
Test #4 was conducted on 07/12/2012 through 07/14/2012 using an uncoated sample with a mass of 
15.5467g and a coated sample with a mass of 42.4583g.  Both samples were cylindrical sections 
measuring 1” in diameter.  The test was conducted using the following heating: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1200 °C at 5 °C /min 
•  Dwell: 60 min 
•  Cool: 100 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
The two test samples were weighed after the first firing and placed back into the furnace for a second 
firing.  Once the cycle was complete, the samples were weighed and fired a third time, where the masses 
at each stage are shown in Table  4-4.  After the first firing, the uncoated cylinder was observed to 
undergo little change, but a few small graphite flakes were observed on the sample holder underneath 
the uncoated sample.  These few flakes may explain the 6 mg decrease in mass for the first test.  The  
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coated sample turned from black to green as in previous tests and some coating had fallen off of the ends 
on to the sample holder.  Also during the weighing process, more flakes of the coating fell off the sample.  
The coating flaking off of the sample would most likely explain the majority of the 0.12g decrease in mass 
during the first firing of the coated sample. 
The second firing of the samples, conducted on 07/13/2012, produced very similar results as the first 
firing, where a few flakes spalled off the inner surface of the uncoated sample and many flakes chipped 
off the coated tube.  As in test #2 the coating spalling was focused at the ends of the coated sample 
where the coating was thicker.  The third firing of the samples, conducted on 07/14/2012.   
Table 4-4: Tabulation of the mass of the test samples over Test #4. 
  Firing 
Temperature  
Initial 
Mass (g) 
Firing 1 (g)  Firing 2 (g)  Firing 3 (g) 
Uncoated Tube  1000 ºC  15.5467  15.5400  15.5365  15.5334 
Coated Tube  1000 ºC  42.4583  42.3744  42.3381  42.3183 
 
Test #5 was begun using the samples after the third firing of test #4.  The three firings in this test were 
initiated on 7/15/2012 through 7/19/2012.  At the completion of each test the samples were removed 
from the furnace and weighed, with the measurements tabulated in Table 4-5. 
.  The test was conducted using the following heating: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1350 °C at 5 °C /min 
•  Dwell: 60 min 
•  Cool: 100 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
During the first firing, the uncoated sample had a gray surface appearance on half of the cylindrical face.  
Over the three firings, this gray color lightened.  It is unknown exactly why this color change occurred 
because it did not occur over the entire surface.  It is possible that the gray color is actually Silicon Carbide 
that boiled off of the small plates that were supporting the coated tube.  Over these three firings the 
silicon carbide plates changed from dark gray in color to light gray and small flakes appeared to be falling 
off. 
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Table 4-5: Tabulation of the sample masses during the steps of Test #5. 
  Firing 
Temperature  
Initial 
Mass (g) 
Firing 1 (g)  Firing 2 (g)  Firing 3 (g) 
Uncoated Tube  1200 ºC  15.5334  15.5298  15.5242  15.5206 
Coated Tube  1200 ºC  42.3183  42.2243  42.1610  42.1072 
 
Test #6 included three firings using the following heating schedule: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1350 °C at 5 °C /min 
•  Dwell: 200 min 
•  Cool: 100 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
During these three tests small amounts of the coating continued to flake off the ends such that by the end 
of the third firing the end of the coated cylinder was raw graphite.  Over the three firings the uncoated 
sample also lightened in color from a medium gray to light gray in the colored areas.  At the end of each 
firing the mass of each sample was collected and is tabulated in Table 4-6.  These tests were conducted 
from 7/28/2012 through 7/31/2012. 
Table 4-6: Tabulation of the sample masses during the steps of Test #6. 
  Firing 
Temperature  
Initial 
Mass (g) 
Firing 1 (g)  Firing 2 (g)  Firing  3(g) 
Uncoated Tube  1350 ºC  15.5217  15.5118  15.5055  15.4989 
Coated Tube  1350 ºC  42.0233  41.8889  41.8327  41.7997 
 
Test #7 was conducted over 7/31/2012 through 8/4/2012, using the following heating schedule: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1405 °C at 5 °C /min 
•  Dwell: 20 min 
•  Heat: to 1550 °C at 3 °C /min 
•  Dwell: 60 min 
•  Cool: 1405 °C at 3 °C /min 
•  Dwell: 20 min 
•  Cool: 400 °C at 5 °C /min 
•  Quench Chamber: 1 hr+  
 
104 
 
 
There were four firings in test #7 because the sample holder was inserted into the furnace for the third 
firing backwards.  This meant that the quench gas interacted with the uncoated sample before the coated 
sample.  This error was not found until removing the sample holder from the furnace after the third firing.  
The fourth test was added to provide three sets of data with the components in the same orientation.  
The visual inspection during each test only found a reducing of the coating at the front edge.  No other 
changes were observed.  The uncoated tube remained light colored in spots, but the gray spots did not 
change in color or size.  The changes in mass were collected and tabulated in Table 4-7. 
Table 4-7: Tabulation of the sample masses during the steps of Test #7. 
  Firing 
Temperature  
Initial 
Mass (g) 
Firing 1 (g)  Firing 2 (g)  Firing 3 (g)  Firing 4  (g) 
Uncoated Tube  1550 ºC  15.4989  15.4901  15.4826  15.4668  15.4600 
Coated Tube  1550 ºC  41.7997  41.7313  41.6905  41.6654  41.6320 
 
Test #8 is an extension of test #7 in that the high temperature quench time is extended, where the 
following firing schedule was used: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1405 °C at 5 °C /min 
•  Dwell: 20 min 
•  Heat: to 1550 °C at 3 °C /min 
•  Dwell: 200 min 
•  Cool: 1405 °C at 3 °C /min 
•  Dwell: 20 min 
•  Cool: 400 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
The three firings were conducted between 8/4/2012 and 8/7/2012.  After each of the three firings, less of 
the coating was observed to where the grooves left from machining were more obvious because the 
coating remained in the valleys.  This was a surprising find because the surface of the tubes was very fine 
and the coating did not seem to fill those voids during the application process.  The loss of mass was 
tabulated in     
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Table 4-8, where the initial mass is the final mass of the previous firing.   
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Table 4-8: Tabulation of the sample masses during the steps of Test #8. 
  Firing 
Temperature  
Initial 
Mass (g) 
Firing 1 (g)  Firing 2 (g)  Firing 3 (g) 
Uncoated Tube  1550 ºC  15.4600  15.4485  15.4365  15.4254 
Coated Tube  1550 ºC  41.6320  41.5795  41.5342  41.4752 
 
In each of the firings in the tests 5 – 8 the change in mass was calculated for each firing and collectively 
for all tests.  This data was plotted in Figure 4-24 and demonstrated a fairly reliable pattern of mass 
change.  The quench gas was 99.9% nitrogen with unknown impurities.  This purity of nitrogen is fairly 
common and would be expected in most industrial applications.  Through conversations with the provider 
of the nitrogen, oxygen is a common impurity in the remaining 0.1% and thus it would be expected that a 
majority of the mass lost in these tests were from oxidation.  It is possible that the graphite will react with 
nitrogen producing Cyanogen (C2N2), but the temperature threshold is well about the temperatures in 
these experiments (2500 ºC) and thus not expected to be a dominant mechanism [116].  The reaction 
threshold for oxygen and graphite is 400 ºC, producing a combination of CO and CO2 [11].  This work 
shows that in environments where oxygen is present, the oxidation of the electrodes must be accounted 
for.  While not in the scope of this work, the small variation in firing three of test #7 would indicate that 
further work  could be done to develop a sacrificial shell for the sensor to minimize the electrode 
degradation. 
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Figure 4-24: Plot of the mass lost during firing for each of the two samples during the coating tests. 
4.5.3  SIMPLE COOLANT GCI DESIGN: TEST #9 
As discussed in section 4.3, the ideal guarded cylindrical design could not be produced out of simple 
components due to the minimal wall thicknesses and machining requirements of graphite.  A simplified 
cylindrical GCI was produced where the sensor was just a solid center electrode supported inside 
cylindrical tube that acts as the outer electrode.  The initial prototype of this sensor used mullite spacers 
0.25” outer diameter, 0.125” inner diameter and 1.0” in length to separate the two electrodes.  These 
spacers are sold by Omega have a maximum temperature 1600 ºC [117].  The sample was heated to 1550 
ºC using the following firing schedule:  
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•  Quench Chamber: 10 minutes 
•  Heat: to 1405 °C at 5 °C /min 
•  Dwell: 20 min 
•  Heat: to 1550 °C at 3 °C /min 
•  Dwell: 200 min 
•  Cool: 1405 °C at 3 °C /min 
•  Dwell: 20 min 
•  Cool: 400 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
The simple cylindrical GCI was built with two mullite supports in one end and three mullite supports in the 
other end.  The prototype was constructed in this manner to determine if the three supports were 
needed to justify the increase in loss of flow area that the additional support presented.  The two 
configurations can be seen in Figure  4-25  and  Figure  4-26.  The construction and assembly of the 
prototype was difficult to properly align all three spacers.  If this construction method were to be used in 
future instruments a large drill vise with a rotary table will be essential to ensure proper alignment.  In the 
two photographs the spacers are not fully inserted into the graphite components because of the 
misalignment of the support holes for the mullite spacers.   
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Figure 4-25: Photograph of the cylindrical GCI from the end with three support pins. 
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Figure 4-26: Photograph of the cylindrical GCI from the end with two support pins. 
The prototype was fired four times between 8/8/2012 and 8/11/2012.  The prototype initially weighted 
66.033 g and after the first firing weighted 65.6693 g.  The loss of mass was not determined for each 
component of the prototype or subsequent firings.  Visual inspection of the sample showed that the end 
of the sensor with only two mullite supports experienced a significant amount of plastic deformation.  The 
mullite spacers were originally round, had become elliptical in cross-section, as shown in Figure 4-27.  This 
deformation allowed the prototype to deviate from both electrodes remaining concentric.  The three 
spacer support did not exhibit the same plastic deformation as the two support configuration did.  
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Figure 4-27: Photograph of the cylindrical GCI with two supports after firing. 
It was also observed that a white crystal coating was developing on the inner faces of the electrodes.  In 
subsequent firings the white coating continued to grow to the point that the growth on the inner faces 
nearly touched.  After the four tests were conducted the prototype was disassembled, and the crystal 
growth can be seen clearly in Figure 4-28.  These tests demonstrated that the mullite spacer was not an 
appropriate material for the GCI.  Additionally the inline spacers were hard to machine and handle and a 
better support method is desired. 
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Figure 4-28: Photograph of the cylindrical GCI disassembled after firing displaying the crystal growth on 
the inner graphite faces and deformation of the mullite spacers. 
4.5.4  SIMPLE COOLANT GCI DESIGN REVISED: TEST #10 
After seeing that mullite did not survive well at 1550 ºC, the support posts were replaced with alumina 
spacers.  The spacers were also inserted perpendicular to the primary axis of the sensor instead of along 
the flow path such as in the previous case.  One of the coated test samples were used to produce this test 
specimen and as such small amounts of the coating were present during the instrument’s firing.  The 
sample was heated to 1550 ºC using the following firing schedule: 
•  Quench Chamber: 10 minutes 
•  Heat: to 1405 °C at 5 °C /min 
•  Dwell: 20 min 
•  Heat: to 1550 °C at 3 °C /min 
•  Dwell: 200 min 
•  Cool: 1405 °C at 3 °C /min 
•  Dwell: 20 min  
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•  Cool: 400 °C at 5 °C /min 
•  Quench Chamber: 1 hr+ 
The sample was subjected to seven successive firings between 8/20/2012 and 8/31/2012 and each test 
took 17 hours.  The sample was inspected after each firing and any changes were noted.  During the first 
firing the tips of the alumina spacers turn red in color.  The subsequent six firings no changes were 
observed.  Photographs of the sample before and after firing are shown in Figure 4-29 and Figure 4-30, 
respectively.  The alumina spacers did not show any plastic deformation during the heating process, 
unlike the mullite.   
 
Figure 4-29: Photograph of the revised cylindrical GCI, with the cross supports left longer than typical to 
ensure the cylinder does not roll off the sample holder. 
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Figure 4-30: Photograph of the revised cylindrical GCI after firing. 
After the seven firings, the sample was disassembled and then reassembled to evaluate any changes in 
the fit of the components.  It was noticed that the alumina cross members were slightly looser than when 
initially installed.  When the sample were produced, two sizes of drill bits were used, a 3/16” drill bit and 
13/64” drill bit, to provide holes for the alumina tube, which was a nominal diameter of 3/16”.  These 
hole diameters were chosen based on the tooling available at the time.  The holes drilled using the 3/16” 
bit provided tight fit and installing the alumina was difficult and in one place a small crack in the inner 
electrode was found.  The 13/64” holes provided a loose fit and the rods fell out repeatedly.  After firing 
the tight holes had relaxed slightly allowing a nice fit without feeling loose or falling out.  The 13/64” holes 
were very loose.  The fit of the large hoses seemed to have become much worse than the small holes.  In 
future constructions it is recommended that all supports be installed in as close fitting holes as possible 
without being tight enough to cause cracking in the structure.  Due to the sizable loss in mass during the 
firing process, it is expected that the change in fit was a product of oxidation.   
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4.6  SYSTEM CALIBRATION 
With the initial sensors built, the signal conditioning board noise reduced, and the gas calibration 
chamber assembled it was time to develop a set of calibration curves for the assembled system.  The 
following two subsections will discuss the steps taken to calibrate the signal conditioning board and the 
instrument. 
4.6.1  SIGNAL CALIBRATION BOARD CALIBRATION 
During the development stages of the signal conditioning board, it was observed that the board possessed 
a signal drift that was a function of temperature.  In each test it was observed that the initial signal output 
would slowly increase until it reached an equilibrium value.  This initial period to reach a stable output 
value typically lasted an hour.  To determine the cause of this period the SCB was removed from its 
aluminum enclosure to see if the startup period was the same.  After applying the power to the SCB the 
signal output was monitored and it was observed that the time it took for the signal to stabilize was 
roughly half the time and that the output value was less.  From this observation, it was determined that 
the SCB would need its own calibration to adjust for the thermal drift of the signal.  Additionally it is 
believed that the source for the initial warmup is partly due to the size of the power indicating LEDs that 
are installed onto the board.  Collectively the LEDs consume 0.26 W, the majority of which is heat energy.  
It was postulated that with the enclosure surrounding the SCB the LEDs are heating the board and the air 
inside.  A thermocouple was fitted to the board and the ambient and board temperatures were 
monitored.  The data showed that the board temperature was usually 8 ºC higher than the ambient 
temperature. 
A small oven was constructed out of a heat lamp and plywood to enclose the SCB and its enclosure, as 
shown in Figure 4-31.  This oven had a volume of 1.5 cubic feet and was fitted with a 150 W heat source.  
For these tests the SCB and the air space inside the oven were fitted with thermocouples.  The 
thermocouple mounted on the SCB was used in the determination of the SCB temperature coefficient and 
the thermocouple was used to  monitor the oven temperature.  It was desired to maintain an oven 
temperature of approximately 60 ºC, as this was the maximum temperature of the cables used to connect 
the power supply to the SCB enclosure.  
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Figure 4-31: Image of the oven placed over the SCB during one of the heating tests. 
The SCB temperature calibration test was conducted in two phases; heating cycle and a cooling cycle.  For 
the heating cycle the heat source was energized.  The SCB temperature was monitored and the heat 
source was manually de-energized when the SCB reached 40 ºC.  This was to ensure the components were 
not heated beyond their operating range and the heat source was removed once the SCB temperature 
reached 40 ºC.  Due to the rudimentary nature of the oven, temperature control was not available and 
thus the heating rate was the constant power output of the heat source.  The system was then allowed to 
cool back to ambient temperatures.  The system temperature and voltage output was monitored during 
both the heating and cooling processes.  A plot of the measured temperature and SCB voltage with 
respect to time is shown in Figure 4-32.  The heat source was de-energized 36 minutes into the test.  
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Figure 4-32: Plot of the test data with respect to time, where the SCB signal moves with temperature. 
To calculate the thermal drift of the SCB, the voltage output was plotted as a function of measured 
temperature, as shown in Figure 4-33.  During the data processing it was seen that the initial warmup 
period the board demonstrated a non-linear temperature coefficient, which is not observed in the heating 
test that occurred after the initial warm-up period.  Both data sets were fit with regression lines, where 
the equations are displayed on the plots.  Through inspection of the regression lines and the associated R
2 
values, the non-linearity in the warm-up temperature coefficient is apparent.  The regression fit of the 
heated period is surprisingly good.  Typically the fit of experimental data does not provide a R
2 value this 
high.  The heating trend contains the data from both the heating and cooling cycle and the high R
2 value 
shows that there is little temperature hysteresis in the SCB’s response to the increase in temperature.  
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Figure 4-33: Plot of the SCB signal drift as a function of temperature, where the red line is the initial 
warm-up period and the blue line is temperature coefficient after warm-up. 
The temperature calibration for the SCB was applied to a 12 hour baseline test, shown in Figure 4-34.  
Both the raw SCB output and the temperature corrected plots are shown.  Both sets of output data were 
fit with linear regression lines.  In this baseline test the signal should be a constant value over the 12 hour 
period because the sensor was placed in a vacuum and the SCB was provided with a constant power 
source.  The building’s ambient temperature did vary between 13.5 and 16.6 ºC over this period.  The SCB 
temperature followed the ambient temperature and ranged from 23.2 ºC to 25.8 ºC over the same period.  
The raw signal was observed to vary with the system temperature and when fit with a linear regression 
the R
2 value was 0.13.  The regression line from the temperature corrected data has a R
2 value of 0.78, 
which is more typical of experimental data and a vast improvement over the raw data.  This calibration 
will be used during the remainder of the tests using the present SCB construction, but will need to be 
repeated for any new hardware that is developed in the future phases of this work.  
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Figure 4-34: Plot of the 12 hour baseline test, displaying both the raw GCI signal and the signal corrected 
for the board’s temperature coefficient. 
4.6.2  INSTRUMENT CALIBRATION 
With the instrument assembled, it was desired to determine if the system would measure the difference 
between helium and nitrogen.  Data over a pressure range of 0 to 150 psia was desired and to simplify the 
measurement process a transient measurement technique was initially deployed.  The test would start 
with the GCV evacuated, P < 1 psia, and would be slowly filled to 150 psia.  A 30 minute period was 
allowed for the system to stabilize, which was then followed by a slow depressurization where the fill gas 
was vented to the environment surrounding the GCV.  This process was carried out with both helium and 
nitrogen.  The collected data was then used to determine the gas density within the GCV, where the 
density can then be plotted against the CGI output signal.  The data for nitrogen is plotted in Figure 4-35, 
where the raw data is plotted in the upper figure and the calculated data is in the bottom figure.  The data 
for the helium test is presented in Figure 4-36, using the same figure convention.  
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Figure 4-35: Plot of the nitrogen calibration test data (top) and the calculated gas density (bottom).  
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Figure 4-36: Plot of the helium calibration test data (top) and the calculated gas density (bottom).  
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The plots of GCI signal versus GCV gas density for helium and nitrogen were plotted together.  In this plot 
the two data sets are very close together, but when they were fit with regression lines the two data sets 
were statistically different.  This difference was seen when fitting regression lines of up to sixth order, 
assuming that the same order regression line was fit to both data sets. In both data sets it can be seen 
that there is a system hysteresis between the pressurizing and depressurizing of the GCV.  This is seen in 
the gap between the points in the plot of the helium density versus instrument signal.  It is expected that 
the system conditions (pressure and temperature) were not changed slowly enough to provide a true 
measurement of the gas parameters.  A plot of the two data sets together with the associated regression 
lines are shown in Figure 3-27. 
 
Figure  4-37: Plot of the nitrogen and helium calibration curves together: the error bars have been 
removed for clarity. 
During these tests the system noise was plotted to investigate a correlation between the signal hysteresis 
and the system noise.  The noise for the nitrogen test is plotted in Figure 4-38.  This plot contains the 
noise for both the SCB signal and the pressure transducer.  Both sets of data are produced to look for 
common spikes in the noise signals and to compare the relative amplitudes.  Both signals are DC voltage 
signals when measured by the DAQ hardware.  The GCI signal is reported as a raw voltage measurement 
and the pressure signal is converted from voltage to pressure using the manufactures recommended  
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scaling equation.  To allow a visual comparison between the two data sets, the pressure axis is scaled such 
that the relative magnitudes within the plot are similar.  In comparing these plots, it can be seen that the 
relative magnitude of the GCI noise is much smaller than that of the pressure transducer.  This can be 
attributed to the signal improvement work that had been conducted and discussed earlier.  The noise 
within the pressure signal seems to be fairly constant, where a large spike in the GCI signal is obvious.  
This spike occurs when the system began to fill with nitrogen.  Additionally there was an increase in the 
average noise during the period of elevated system pressure.   
 
Figure 4-38: Plot of the noise within the two DC voltage signals being measured, where the axes are scaled 
to provide direct comparison between the noise in the signals.  
Through inspection of the transient calibration data it was determined an alternate calibration method 
was needed.  A second set of calibration data was collected using a stepped calibration.  The calibration 
curves were developed using data averaged over a long period of time to develop the curve.  To develop 
these data sets, the GCV was first evacuated and then slowly filled in steps.  For each step the system was 
filled to a pressure set by the regulator on the gas supply bottle.  After changing the pressure set point the 
DAQ system would begin recording data for a 30 minute period.  At the end of this period the data 
collection would terminate and the gas pressure would be increase again.  This process of increasing the 
GCV pressure and collecting a large dataset was repeated at six pressure states for both gases:    
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P < -14 psig, P ~ 25 psig, P~50 psig, P ~ 75 psig, P ~ 100 psig, and P ~ 125 psig.  This calibration data was 
averaged, converted to a density measurement, and  plotted in Figure  4-39, where the separation 
between the two data sets is better defined.  From this data it can be seen that the instrument can 
measure the difference between the two gases.  The important characteristic in the plot is the vertical 
distance between the trends of the two gases, as this is distance provides the window of operation for the 
gas detector.  
 
Figure 4-39: Plot of the time averaged data sets using the stepped calibration method. 
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5  PROPOSED EQUIPMENT FOR THE HTTF 
The ultimate goal of this work is to develop an instrument that will provide HTGR operators with real time 
coolant impurity data.  This instrument can also be utilized in an experimental facility that is being built at 
Oregon State University (OSU), the High Temperature Test Facility (HTTF).  As discussed in the previous 
chapter, the calibration of the prototype GCI was conducted over a limited temperature range due to 
limited capabilities at Oregon State University.  The use of the GCI in the HTTF would provide an extended 
operational database that will be used to develop the final HTGR instrument implementation.  While the 
construction and installation of the CGI in the HTTF is outside the scope of this body of work, the following 
chapter discusses a suggested implementation method and the existing coordinated interfaces for the 
HTTF based off the knowledge base built while proving the initial concept.  
5.1  HTTF OVERVIEW 
The HTTF is being built to produce experimental data for the validation of gas reactor systems codes used 
by the NRC.  The HTTF is designed to represent a 1:4 height and radial scale model of a HTGR, specifically 
the modular high-temperature gas-cooled reactor (MHTGR) design, which is designed by General Atomics.  
Even though the HTTF is of reduced physical size, the facility is designed to achieve full HTGR 
temperatures to investigate the thermal behavior of anticipated transients in the HTGR  and will be 
installed in the Advanced Nuclear System Engineering Laboratory (ANSEL) located on the OSU campus.  
This requires that the facility be designed to achieve core center line temperatures of approximately 1600 
°C.  The facility is designed to model normal operations and multiple accident scenarios including hot leg 
break, cold leg break, control rod drive mechanism flange, and the quadruple guillotine break (when the 
concentric hot and cold crossover vessel separate from the steam generator simultaneously). To provide a 
cleaner set of boundary conditions, the break line will not open into the environment surrounding the 
HTTF’s RPV.  Instead the pipe break will be simulated by opening a valve that is placed between the RPV 
and a confined known volume.  This confined volume is known as the reactor cavity simulation tank 
(RCST), which will be filled with the break gas, typically nitrogen, at a known temperature and pressure 
based on the accident scenario.  To illustrate the physical relationship between the  RPV and RSCT 
installed in the ANSEL building a render is shown in Figure 5-1.   
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Figure 5-1: A render of the HTTF installed in the ANSEL building, where the RPV can be seen in the middle 
and the RCST on the right edge of the image.  
During the simulation of normal operations, 2.2 MW of thermal energy will be input into the core region 
using graphite heater rods.  The heat will be removed using downward flowing forced convection of 
helium or nitrogen gas.  Similar to the MHTGR design parameters, the HTTF will have a coolant inlet 
temperature of 259 °C and a bulk core outlet temperature of 687 °C, with a helium mass flow rate of 1.0 
kg/s, with a system pressure of 0.8 MPa.  It is expected that the actual temperature of the coolant 
channels will vary between 600 °C and 740 °C where they will mix in the lower plenum averaging the flow 
temperature to the 687 °C design parameter.  The HTTF is built to simulate both PCC and DCC accidents, 
as discussed in section 1.1.  A tabulation of the operating conditions that instruments in the HTTF will 
experience for various normal and accident operating conditions can be found in Table 5-1.    
Table 5-1: Tabulation of the operating parameters for each of the three HTTF operating states. 
HTTF Operating Parameters 
   Normal Ops  PCC  DCC  Maximum 
Gas Temperature  740 °C  1200 °C  1200 °C  1200 °C 
Pressure  0.8 MPa  0.8 MPa  Atmospheric  0.8 MPa 
Flow Rate  1.0 kg/s  0.1 kg/s  0.1 kg/s  1.0 kg/s 
 
RPV 
RCST  
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The HTTF will be fitted with instruments to collect flow rate, pressure, temperature, and gas 
concentration at specific locations throughout the facility.  The basic configuration will contain roughly 
350 individual channels with the bulk of that quantity being temperature measurements.  To measure 
temperature,  thermocouples will be installed through facility.  Differential  pressure transducers  with 
measurement taps placed throughout the system will be utilized to measure system pressure and flow 
rate.  In the primary loop the flow rate will be a parameter output from the circulator control system.  Of 
the needed measurements, the only commercially unavailable instrument is a GCI.  This need provides an 
excellent opportunity for the initial deployment using the GCI discussed throughout this document.  
Within the instrumentation plan there are 32 locations where gas concentration measurements are 
designed to be collected with a specific breakdown of the locations can be found in Table 5-2.  A render of 
the HTTF RPV can be seen in Figure 5-2, denoting the areas where gas concentration measurements are 
needed.  Detailed renderings of the Upper Plenum, Lower Plenum, and RCST can be found in Figure 5-3, 
Figure 5-4, and Figure 5-5, respectively. 
Table 5-2: Tabulation of the desired gas composition measurement locations. 
Gas Concentration Instrument Locations 
Coolant Sensors, Primary 1/6
th Section (Axial Levels Lower Reflector, 2, 4, 6, 8, 
Upper Reflector) 
6 
Upcomer Gas Concentration Sensors, Primary 1/6
th Sections (Axial Levels: 1, 4, 6, 
10) 
4 
Upper Plenum Sensors- 2 guide tubes with two sensors each  4 
Lower Plenum Sensors- 2 support columns with two sensors each  4 
Outlet Duct Gas Sensors in Rake near vessel (Rake 1)  3 
Outlet Duct Gas Sensors in Rake downstream from vessel (Rake 2)  3 
Inlet Duct Gas Sensors in Rake near vessel (Rake 1)  2 
Inlet Duct Gas Sensors in Rake downstream from vessel (Rake 3)  2 
Low/High Instrumentation Break Gas Sensors  2 
Reactor Cavity Simulation Tank Gas Sensors  2 
TOTAL GAS SENSORS  32 
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Figure 5-2: Render of the HTTF, with the locations where gas composition measurements are desired. 
Upper plenum 
4 Measurement Locations 
Core region coolant channels 
6 Measurement Locations 
Lower Plenum 
4 Measurement Locations 
Cross-duct Rake 1 
5 Measurement Locations 
Upcomer 
4 Measurement Locations 
Break Line 
2 Measurement Locations 
Reactor Cavity Simulation Tank 
(not shown) 
2 Measurement Locations  
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Figure 5-3: Render of the HTTF’s upper plenum, where the gas composition is desired to be measured. 
 
 
Figure 5-4: Render of the HTTF’s lower plenum where the gas composition in the region surrounding the 
support cylinders is desired to be measured. 
Upper Plenum 
4 Measurement Locations 
Lower Plenum 
4 Measurement 
 Locations  
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Figure 5-5: Render of the RCST denoting the desired GCI locations on the tank walls. 
RCST Wall 
2 Measurement 
Locations 
Hot Duct (Rake #2) 
3 Measurement  
Locations 
Cold Duct (Rake #3) 
2 Measurement 
Locations  
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 Typical of HTGR designs containing a prismatic core, the core is comprised of a hexagonal array of fueled 
graphite blocks.  The array is composed of ten layers with 66 blocks in each layer.  Within each of the 66 
blocks, there is an array of fuel pins and coolant channels.  In designing the HTTF, it was decided to build 
each of the ten layers of the core in one large slab, instead of many individual blocks.  This simplification 
in construction also removed the problem of needing to quantify the coolant that bypasses the flow 
channels by flowing around the prismatic graphite blocks.  It is has been determined that the bypass flow 
can account for up to 11% of the total flow rate through the core.  To account for the bypass flow, 42 
channels have been added to the monolithic core blocks with scaled flow areas to allow bypass of up to 
the postulated 11% bypass flow.  The upper plenum floor plate is fitted with drilled plugs that allow the 
bypass flow channels entrance to be increased.  The scaled monolithic core slab measures 46.00” (1.17 m) 
across the flat of the overall hexagon and 7.80” (0.198 m) in thickness.  A render of a HTTF core block can 
be seen in Figure 5-6.  In this render, roughly 700 channels are shown represented by three different 
colors.  The blue channels represent the coolant flow paths, the red channels represent the voids where 
the heater rods are placed, and the green channels represent the flow paths that are added to simulate 
the core bypass within the prototype.    It is desired to measure the gas composition within a specific 
coolant channel.  The initial instrumentation plan includes six CGIs located in the heated region.  The HTTF 
has been designed to accept more instrumentation channels than the initial plan contains and to that end, 
each core block is fitted with 6 GCI locations.  The unused locations can be fitted with sleeves made of 
ceramic or graphite to minimize the core flow disturbance in a coolant channels. 
 
 
Figure 5-6: Render of the HTTF core block, where the bypass channels are shown in green (quantity 42), 
the coolant channels shown in blue (quantity 516), the heater rod voids are shown in red (quantity 210), 
and GCI locations shown in black (quantity 6). 
Core Region coolant channels 
6 Measurement Locations 
All along one channel @ 6  Axial 
Levels  
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To provide 2.2 MW of thermal energy, an electrically heated isostatic graphite rod was chosen.  This 
material was selected over typical cartridge heaters because of the needed power density and operating 
temperature.  The graphite chosen is graphitized in a furnace held at 3000 °C.  Having a graphitization 
temperature this high will ensure that the graphite’s molecular structure will not change at operational 
temperatures.  One important characteristic of the isostatic graphite is that the material properties do not 
vary with the crystalline alignment and thus the material can be treated like an isotropic material 
simplifying the determination of the heater resistance.  The HTTF core will be heated by 4200 graphite 
elements that are individually 3.90” (0.099 m) in length and 0.98” (0.025 m) outer diameter.  The heater 
cylinders are stacked in groups of 20 to fill the 210 heater channels that are cast into the core blocks.  
These heater channels are connected in groups of seven in series, where three groups will be connected 
together to form a Wye configuration for the 480 VAC 3Phase power supply.  In the planes above and 
below the heated section of the core, graphite bus bars will be places to make all of the power 
distribution connections.  Many electrical junctions are needed to provide a complete current flow path.  
Typical metal clamping devices will not reliably survive the maximum operating temperature and thus 
graphite-graphite connections are needed inside the pressure boundary.  To clarify the layout of the 
heaters, a render of half of the heating bank is shown in Figure 5-7. 
 
Figure 5-7: Rendering of five of ten heating groups used to heat the HTTF core.  
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  The heating system is discussed at this point because of the excessive noise that will be generated by the 
heating elements.  With 265 Amperes flowing through each of the heating elements within an inch of the 
gas sensor electromagnetic interference (EMI) is a large concern.  The instrument signal will need to be 
thoroughly shielded and filtered to remove the noise created by the HTTF’s heaters and pumps.  The 
signal conditioning circuit, as discussed in section 3.3, has been designed to handle the noise generated by 
3-phase systems, such as the heaters. 
5.2  COOLANT CHANNEL – GCI INTERFACE 
It is desired to measure the nitrogen movement through a coolant channel within the heated region of 
the HTTF during the DCC accident.  It is proposed to install GCIs in the core blocks to collect this 
measurement.  The core block design accounts for the needed void to house the CGI.  To accommodate 
future expansions for GCI usage, there will be six GCI voids cast into each block.  Retrofitting the ceramic 
blocks is difficult and expensive due to the hard brittle nature of the ceramic used to cast the block.  For 
this reason the core blocks were fitted with additional GCI locations from the beginning. This void has a 
diameter of 1.000” ± 0.005” and a length of 4.000” ± 0.005” and is coaxial with the coolant channel 
selected for flow measurements.  The top face of the void is coincident with the top face of the core 
block.  The GCIs will be connected to a mineral insulated (MI) cable that will be routed out of the core as 
per the typical thermocouple routing method.  A cutaway render of the core block illustrates the 
relationship between the coolant channels, GCI location, and instrument routing channels is shown in 
Figure 5-8. 
 
 
Figure 5-8:  Render of the void (black) that will be cast into the core blocks, intended to support the 
cylindrical GCIs. 
GCI Locations  Signal routing channel  
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5.3  UPPER PLENUM – GCI INTERFACE 
To measure the gas concentration ratio within the upper plenum, GCIs will be mounted to the control rod 
guide tubes at various axial and radial locations.  The initial HTTF instrumentation plan calls for four GCIs, 
but this region can be easily retrofitted to accommodate more instruments simply by drilling new 
mounting holes in additional guide tubes and routing the signal wires.  The instrument is designed to be 
supported by two ¼” diameter 1.5” long bolts using a Flex-top expanding locknut composed of a high 
temperature alloy of equal or greater thermal stability as compared to the guide tubes.  The two bolt 
holes are 2.000” ± 0.005” apart passing through tube center with each bolt’s axis residing in the same 
plane.  Hole diameters of 9/32” are recommended, where each is to be oriented perpendicular to the 
tube axis.  Slotted holes will reside in the instrument mounting holes to allow for dissimilar material 
thermal expansion.  It is intended that these mounting holes will be centered at the desired location such 
that the center of the instrument resides at the specified location.  For example the lower GCI mounting 
locations are specified to be at 33% of Upper Plenum height which is 12”.  Thus the mounting holes will 
need to be installed at 11” and 13” above the Upper Plenum floor to center the instrument at the desired 
level. 
The signal is carried away from the instrument using a MI cable.  The MI cable is routed through the 
control rod guide tube that supports the GCI and through the pressure boundary at  a gland fitting 
installed at the upper extremity of the guide tube.  The MI Cable routing is detailed in Figure 5-9 and 
Figure 5-10 where the first render displays the general GCI location in the Upper Plenum with the MI 
cable exiting the pressure boundary and the second displays a detail of the bolted interface and the MI 
cable leaving the instrument and passing into the guide tube.    
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Figure 5-9: Render of the GCI installed in the Upper Plenum; control rod guide tubes have been removed 
for clarity. 
 
 
Figure 5-10: Render of the Parallel Plate GCI installed in the upper plenum. 
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5.4  LOWER PLENUM – GCI INTERFACE 
In the lower plenum there are four locations selected for gas composition measurements.  These four 
sensors are set such two will reside at 25% plenum height and 75% plenum height.  Two sensors will be 
mounted to the same support post such that they measure the same vertical column of gas.  One of these 
positions will be mounted near the plenum outlet and the other near the rear of the plenum, these 
locations can be seen in Figure 5-11.  The sensors are bolted to the ceramic support post using ¼ bolts 
similar to the mounting hardware used in the upper plenum.  The signal is routed through the center of 
the support post upward through the lower plenum roof plate where the MI cable moves outward to a 
bulkhead in the RPV and is displayed in Figure 5-12.  The bolt head will be captured in the material that 
separates the conductors such that only a bolt on the opposite side of the post will be needed. 
 
 
Figure 5-11: Render of the GCI's installed in the lower plenum, shown in red.  
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Figure 5-12: Detailed of the MI cable routing the GCI signal through the lower plenum roof. 
5.5  PRESSURE VESSEL WALL – GCI INTERFACE 
In the HTTF instrumentation plan there are locations designated in the upcomer region and RCST to 
collect gas ratio measurements.  In both locations it is planned to mount the sensors on the pressure 
vessel wall to simplify the routing of the signal wires.  This simplification comes from having a bulkhead 
adjacent to the instrument to pass the signal wires through the pressure boundary instead of routing the 
signal wires through the main bulkheads.  The wall GCI is designed to mount onto four threaded studs 
that are welded to the pressure vessel wall.  It is expected that this stud pattern is centered on the 
measurement point, both vertically and azimuthally.  The studs are expected to have parallel axes and are 
on a vertical separation of 4.000” ± 0.005” and a width separation of 4.000” ± 0.005”.  Each stud will be 
1.000” ± 0.1” in length as measured from the inside wall of the pressure boundary and have a ¼”-20-UNC 
thread.  This mounting layout is displayed in Figure 5-13.  In this render the MI cable and a thermocouple 
are shown to outline the associated instrument routing. 
MI Cable 
Voids 
Bolted 
Interface  
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Figure 5-13: Render of the GCI mounting interface on the pressure vessel wall. 
The wall GCI will be built on a stainless steel backing plate, which attaches to the pressure boundary.  The 
hardware that attaches the GCI components to the backing plate is separate from the threaded studs 
discussed earlier.  This is to ensure that the GCI is isolated from the thermal expansion of the pressure 
vessel in an effort to minimize the possibility of the sensor undergoing plastic deformation.  The backing 
plate is fitted with a grounding terminal and mounting holes, which provide for the attachment of the 
sensor plates.  The orientation of the sensor and back plate is shown in Figure 5-14 for clarity. 
 
Figure 5-14: Render of the GCI configured for a mounting on the pressure vessel wall. 
Bolted  
Interface 
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MI Cable 
Backing Plate 
Sensor 
Compression 
Fitting  
 
139 
 
 
The wall GCI can be seen mounted onto the pressure vessel mount in Figure 5-15 to demonstrate the 
relationship between the MI cable penetration and the connection points on the sensor.  While the 
mounting studs need to share a common axis, it is not required that either the thermocouple or the MI 
cable penetrations share the same axis.   
 
Figure  5-15: Render of the CGI installed on the pressure vessel mount, with the target and spacers 
removed for clarity on the left and fully assembled on the right. 
 
5.6  COLD-DUCT – GCI INTERFACE 
The cold-duct opening into the RCST is fitted with two GCI locations.  These locations are both 9.0” inside 
the mouth of the opening at 33% and 66% of the pipe elevation.  The cold duct is 7.625” inner diameter 
and thus the GCIs will be centered 1.25” above and below the duct center line.  The sensors will be 
suspended off the flange cap that is attached to the cold duct, where the MI cable will pass upward 
through the cap and turn to pass horizontally through the RCST wall. 
5.7  HOT-DUCT – GCI INTERFACE 
The hot-duct opening into the RCST is intended to have three GCI locations.  All three are located in the 
same vertical column centered in the duct and 9.0” in from the duct outlet.    The sensors will be centered 
at 25%, 50%, and 75% of the duct height.  The hot-duct is 11.75” inner diameter, where 25% height sensor 
will be placed 2.9” below the center line and the 75% placement is 2.9” above the duct center line.  The  
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sensors will be suspended from a flange cap that is bolted to the top surface of the duct.  The GCI signal 
will be carried by MI cable from the sensor upward through the cap and then turn a run horizontally 
outward through the RCST wall. 
5.8  CROSS-DUCT – GCI INTERFACE 
The cross-duct is fitted with a special instrumentation rake that will collect 5 temperature measurements 
and 5 GCI measurements.  Two of temperature and two GCI locations will reside in the outer annulus of 
the cross-duct while the remaining will reside in the inner region of the duct.  The rake will be fitted with 
fitted with cylindrical sections that rest in the inner duct wall eliminating the flow path between the inner 
and outer sections of the annulus that are required to allow the rake to pass from the outside through to 
the center.  The rake is hung from the flange cap, where the thermocouples and GCI signal wires will pass 
through the pressure boundary, and then be routed to the instrumentation cabinet. 
5.9  UPPER BREAK LINE 
The upper head of the RPV is fitted with a line connecting to the upper head of the RCST to simulate the 
break of a control rod drive penetration.  It is desired to fit this line with a GCI.  The line is fitted with an 
access port that provides a 4.0” inner diameter region with which to suspend a GCI off of the access cap.  
The sensor signal will be routed through the access cap using MI cable.  The sensor geometry will be 
identical to the cross-duct sensor such to simplify construction.  The sensor spacer will be unique to this 
installation to lower the sensor down into the flow path. 
5.10  LOWER BREAK LINE 
A break line connects the lower RPV head to the lower RCST head and is intended to be fitted with a GCI.  
The sensor geometry is similar to the cold duct geometry with a longer standoff to allow the sensor reach 
the active flow region.    The sensor will be suspended from the access cap and protrude horizontally into 
the flow path.  The signal is routed from the sensor with MI cable through the lower break access flange 
and on to the instrumentation cabinet. 
5.11  INSTRUMENT PANEL SIGNAL CONDITIONER INTERFACE 
MI cable is used to transfer the signal from the sensors installed in the facility to the signal conditioning 
cards installed in the instrumentation cabinet.  The MI cable passes through a gland fitting in the side of 
the cabinet and through an aluminum bus bar.  The bus bar serves two purposes. The first is to provide 
restraint in close proximity to the signal conditioner cards.  The second is to provide a local grounding 
point for MI cable sheathing.  Each signal conditioner is installed in a unique enclosure, which provides  
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EMI shielding for each card.  A power conditioner is provided to translate the 24V DC power into a dual 12 
V supply, which is supplied to each signal conditioner.  The translated GCI signal is output to the NI DAQ 
cards using a shielded single twisted-pair cable for each channel. All of the signal conditioner containers 
and the power conditioner will mount onto a din-rail that is bolted to the instrument cabinet.  A diagram 
of the component arrangement is depicted in Figure 5-16 for clarity. 
 
Figure 5-16: Diagram of the wiring layout for the GCI. 
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6  CONCLUSIONS 
This work started when searching for a device to measure the gas ratio in a test facility being used to 
produce data for nuclear reactor code validation.  The project then grew into a search through existing 
measurement techniques to see if the physical material properties could be used to measure the ratio of 
the components in a two-component gas mixture.  During this search it became apparent that the scope 
of the instrument could be easily broadened from a specific test facility to the nuclear industry.  Though 
current interest has cooled of late, the high temperature gas reactor designs would greatly benefit from 
an instrument inside the primary pressure vessel that would provide data about the contaminants in the 
primary coolant, or provide measurements of the oxidation during DCC events.   
Many methods of gas measurement were studied to determine the best technique to measure the ratio 
of a two gas mixture within a confined space where no line-of-sight was available.  Two fields were found 
that met the requirements: capacitance sensors and cross-capacitors.  Both techniques used the change 
in measured capacitance to make conclusions about the change in material properties.  This is possible 
because each material has a unique relative permittance.  The relative permittance is a function of 
pressure and temperature.  Using this gas property, capacitor sensors can be used to make pressure, 
temperature, or mixture measurements.  While this technique can use a change in relative permittivity to 
infer changes in many state variables, it can only be used to measure the change of one state variable at a 
time.  This technique is used in industry to collect flow rate information pumping applications, void 
fraction measurements, and gas measurements in natural gas pipelines.  Currently, capacitance sensors 
have been built to operate at typical industrial temperatures and while measuring multiple phase data.  
No current application was found to measure a two gas mixture at the temperatures required by a HTGR.  
Typical capacitance sensor applications were built to make measurements will 1 to 5 % accuracy.  This is 
possible with simple components because the variation between many materials is large, of example the 
relative permittance difference between air and water is 80.   
Cross-capacitors were typically built to conduct material property measurements for laboratories, such as 
NIST, where the necessary precision is on the order of 0.2 ppm.  To meet these accuracy demands the 
electronic systems needed are very complex with very slow acquisition rates.  Typical cross-capacitor 
applications place the capacitor in temperature controlled pressure vessels to minimize the fluctuations 
induced by changes in ambient pressure and temperature.  Industrial applications do not have the luxury 
of placing the measurement in a special container to isolate it from the environment it is supposed to 
measure.    
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6.1  OBSERVATIONS 
Upon deciding that a new instrument must be developed to conduct measurements of a two component 
gas, it was intended to build a hybrid of capacitance sensors and cross-capacitors.  This hybrid would take 
the generally simple measurement geometries from capacitance sensors and use the signal conditioning 
techniques from cross-capacitors.  The primary difficulty in measuring the ratio of a gas mixture is that 
there is little difference in the relative permittance between gases.  This is largely due to the low density 
of the gases.  The initial work was conducted working towards measuring helium and nitrogen ratios.  Of 
the gases present in a HTGR, the He/N2 mixture would be a limiting case because the difference in relative 
permittance is minimal, at 0.01%.  
It was determined early on in the work that directly measuring the change in capacitance would not be 
realistic because of the necessary sensitivities in measurement equipment, which would need to measure 
on the order of femtofarads.  In the cross-capacitor literature the application of bridge circuits and 
capacitor dividers were used to change small changes in capacitance to changes in voltage.  In an effort to 
simplify the circuitry needed for the instrument, the capacitor divider was chosen for this application.  A 
circuit was designed around a capacitor divider such that an AC waveform was generated, manipulated 
and then measured in a manner that would allow a change in the attached capacitor to be measured.  
Building this circuit required many iterations of small modifications to tune the circuit and necessary 
system shielding to produce a system that would be capable of making the appropriate measurements.  
The majority of the problems were with improving the signal quality of the circuit such that the noise in 
the system was less than the total expected signal variation.   
When the circuit was designed, it was expected that the output signal would vary by 1 mV from pure 
helium to a pure nitrogen measurement. It was hoped that the system would have a resolution of 1%, 
meaning the 66% helium mixture could be differentiated from a 67% helium mixture.  This would require 
that the system resolution be stable on the order of 10 µV.  The  hardware to make a voltage 
measurement this sensitive is  readily available.  The challenge in achieving a 10 µV resolution is 
developing a system that will have noise of less than 10 µV and preferably 1 µV.  The initial prototype 
worked relatively well, where the measurements of nitrogen over a large pressure change resulted in a 
change signal change of 1 mV, but the system noise was on the order of 10 mV.  The system then 
underwent significant work to properly ground and shield the circuit and measurement tools to reduce 
the noise.  Currently the system noise has been reduced to roughly 100 µV while the change in the signal 
has been increased to roughly 5 mV.  This will allow a system resolution of roughly 5%, which is not ideal 
but still reasonable for real world data.      
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In developing the actual capacitors it was quickly found that appropriate high temperature materials were 
limited.  Many of the materials rated for the design temperature window did not live through the tests 
conducted; whether  using a simple torch or the furnace at the MBI facility.  Through a process of 
elimination it was found that alumina would provide the electrical insulation needs over the full 
temperature range.  Finding a conductor was more difficult because most  non-precious metals had 
melting points well below the design temperatures.  It was determined for instances in the regions with 
the highest temperatures within the core, graphite electrodes were needed.  This is because graphite is 
the most stable  material  that  would  conduct  an  electric  field  at  1600  ˚C.    In  conditions  where  the 
operating temperature is relatively lower, such as in close proximity to a pressure vessel wall, titanium 
and Alloy 600 is also an acceptable material for use with the electrodes.  Using titanium would provide the 
ability to attach the signal wires with threaded fasteners 
A secondary goal of this work was to develop a system that did not require exotic components.  This goal 
was derived from a desire to produce an instrument that could be built using existing materials and 
electrical components.  The only custom component used was the printed circuit board, which was 
custom tailored for this application, but the production of custom circuit boards is a common practice and 
costs less than some of the components attached to the board.  This goal was met through this work, but 
at the cost of the signal sensitivity in the cylindrical capacitors.  The cylindrical capacitors were originally 
intended to be surrounded with shielding materials, but an insulating coating that could be applied to the 
graphite electrodes was not available.  The only option found to assemble a set of concentric cylinders 
that were electrically insulated from each other would require having an alumina coating deposited on 
the electrode on the molecular level.  This technique is commercially available but it was a complication 
that was desired to be avoided due to the time and expense of implementation.  To this end the simplified 
cylindrical capacitor was developed, which has no electrode shielding.  It is expected that the system 
noise will be greater on this sensor than a similar sensor with shielding, but the current signal quality is 
sufficient to prove the feasibility of this application. 
6.2  RELEVANCE OF THE WORK 
The goal of this work is to develop a sensor that can be placed inside a HTGR to collect data about the 
coolant  impurities.  This work has taken an existing measurement methodology and extended it to 
measure materials with a smaller relative permittance difference and operate over a higher temperature 
range.  The DCC accident is the defining accident of a HTGR and if a facility was ever built, it will require 
real-time knowledge of the oxidation within the core and support structures.  This instrument has been 
designed to support this accident, both in the academic understanding of the phemenon and for use 
when mitigating the release of radionuclides during a DCC.  The world has seen three large scale nuclear  
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accidents and in all three cases the accidents could have been mitigated with operators having better 
tools to understand what is happening in the core.  This instrument can be constructed to directly 
measure the graphite oxidation at a local point within the core, which would address the current 
limitations of HTGR instrumentation as discussed in NUREG CR-2929.  This instrument also would meet 
the needs outlined in the DOE’s Technology road map for HTGR designs.  While this instrument would not 
make a HTGR  inherently  safer, it could keep the humans surrounding the plant safer by providing 
operators more accurate data to work from. 
6.3  ASSUMPTIONS AND LIMITATIONS 
The foundation of this instrument is that the physical materials behave in a repeatable manner.  It is 
essential that the components be constructed in a manner such that no plastic deformation will occur 
over the full operating range.  Thermal expansion is expected, but it is assumed that all expansion is 
purely elastic and that the instrument will return to its original dimensions once cooled.  The accuracy is 
dependent on the in situ calibration of each GCI individually to provide an accurate measurement of the 
signal changes due to system pressure and temperature changes.  Without geometric repeatability, the 
system accuracy is not sufficient to measure the difference between helium and nitrogen.  It is also 
essential that the calibration encompasses the full operating range of the instrument.  The calibration 
curve will require pressure and temperature measurements. It is assumed that these measurements will 
properly represent the gas field within the GCI.  Thus large pressure losses between the GCI and pressure 
sensor would distort the accuracy of the system and then require that flow rate through the GCI also be 
measured.  Similarly, heat sinks or  sources should  not  exist between the GCI and its associated 
temperature measurement. 
This instrument is limited to measuring the ratio between two non-conducting gases.  It can be calibrated 
to measure other ratios, but depending on the desired materials to measure modifications to the board 
and calibration procedure would be needed. This instrument is limited by the signal conditioning board 
stability, DAQ component accuracy, and shielding in the signal wiring.  The purpose of this work was not 
to develop the best circuitry possible but to develop a circuit that would provide the necessary functions.  
Through this work there are areas that have been identified where board improvements can be made, 
which will lead to an improved signal to noise ratio.  The circuits were designed to operate in stable 
temperature environments in the instrumentation cabinets that behave in a repeatable manner.  If large 
cabinet temperature swings are present, the system calibration would be necessary to account for the 
thermal drift of the circuit.  The GCI systems were designed for stationary installations.  The systems are 
not intended for transportation applications where additional vibration concerns are present.  The 
primary limitation of this system is its calibration.  As shown in section 3.2, the system accuracy is not  
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sufficient using sensor dimensional measurements and approximations of thermal expansion collected 
before installation.   
 
6.4  FUTURE WORK 
As discussed in chapter 5, the installation of this instrument in the HTTF would provide a natural 
extension of the work.  The board performance would be improved by adjusting the component layout, 
adding shielding between functional groups, such as between the oscillator and amplifier.  The filter in its 
current form does not improve the board function and thus should be replaced with a filter that can be 
tuned to a given frequency independent of signal amplification.  Several filters meeting these criteria can 
be found in Horowitz and Hill.  The board should be evaluated using their noise budget methods and 
incorporating higher precision components where signal improvements can be obtained.  All this would 
be to reduce the system noise to below the desired 10 µV threshold and make the circuit less susceptible 
to external EMI.  The board should also be modified to fit inside a shielded container that mounts onto a 
din rail, where when the container is closed the board is fully restrained  and better configured for 
installation in industrial instrumentation cabinets. 
The end goal of this work is to build a measurement system that can be installed in a HTGR.  To meet this 
end, the sensors will need a long term test at high temperatures.  This will be possible through installation 
in the HTTF.  The operating experience will provide data that can be used to improve and deploy the final 
system.  In addition to temperature experience, the system will need work studying the changes that long 
term irradiation will cause.  A cursory study has shown that the sufficient knowledge is available, but 
these material changes need to be evaluated with respect to each material's ability to conduct electricity 
and maintain geometric tolerances.     
In developing the instrument for HTGR applications, specific work could be conducted to use the GCI to 
measure the graphite oxidation directly. This would be conducted through the use to two adjacent GCIs 
which are composed of different materials. The electrodes of one sensor would be composed of graphite 
and the electrodes of the other sensor would be composed of a material that does not oxidize in the same 
manner, such as titanium. It is expected that both sensors would measure a similar gas composition, and 
as the graphite electrode oxidized  the plate separation would affect  the signal.  This change in the 
graphite GCI’s signal relative to the titanium GCI’s signal could be correlated to the oxidation of the 
electrode, which could be correlated to the oxidation of the graphite near the measurement area.  This 
technique would provide a direct measure of the graphite oxidation, allowing real-time core damage 
measurements to be used by operators instead of approximations based on pressure and temperature.  
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The extension to the capacitance sensor field that has been used to develop an instrument to measure 
gas ratios at high temperatures could be also extended to electrical impedance tomography.  This would 
allow the replacement of a GCI rake with a field measurement.  This development would transition the 
measurement fidelity in a region from a few volume-averaged point measurements to gas composition 
through the cross-section of the measurement area. 
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LIST OF SYMBOLS 
α    Molecular Polarizability 
εr1      Helium Relative Permittivity 
εr2      Nitrogen Relative Permittivity 
εm       Mixture Relative Permittivity 
ε0  Dielectric Constant 
μ  Molecular dipole strength 
ρm  molar density 
 
C  Capacitance - Measured 
CTEg  Graphite CTE- Linear 
CTEa  Alumina CTE-Linear 
D  length of cylindrical capacitor 
G   Geometric Term 
Gc  Concentric Cylinder geometric term 
Gp  Parallel Plate geometric term 
k  Boltzman constant 
L  Parallel Plate Length 
n  number of moles 
N  Avogadro's number 
P  Gas Pressure 
R  Ideal Gas Constant 
RI  Cylinder Inner Radius 
RO  Cylinder Outer Radius 
S  Distance between parallel plates 
Tg  Gas Temperature  
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Ts  Solid Temperature 
X  Helium Ratio 
V  Gas volume 
W  Parallel Plate Width 
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ACRONYMS 
ANSEL: Advanced Nuclear System Engineering Laboratory 
AP: advanced plant 
CFD: computational fluid dynamics 
DAQ: data acquisition 
DCC: depressurized conduction cooldown 
DMM: digital multimeter 
dP: differential pressure 
EMI: electro-magnetic interference 
GCI: gas concentration instrument 
GCMS: gas chromatography mass spectroscopy  
GCV: gas calibration volume 
GT-MHR: gas turbine modular high-temperature reactor 
HTGR: high temperature gas reactor 
HTTF: high temperature test facility 
HTTR: high-temperature engineering test reactor 
IC: integrated circuit 
LAS: laser absorption spectroscopy 
MBI: Microproducts Breakthrough Institute 
MHTGR: modular high-temperature gas-cooled reactor 
MI: mineral insulated 
NRC: Nuclear Regulatory Commission 
PCB: printed circuit board 
PCC: pressurized conduction cooldown 
RCCS: reactor cavity cooling system 
RCST: reactor cavity simulation tank  
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RPV: reactor pressure vessel 
SCB: signal conditioning board 
TCR: temperature coefficient of resistance 
TDLAS: tunable diode laser absorption spectroscopy 
TRISO: tristructural-isotropic fuel 
UMF: uncertainty magnification factor 
UPC: uncertainty percentage contribution 
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A-1 PARALLEL PLATE UNCERTAINTY ANALYSIS: INDIVIDUAL GEOMETRIC TERMS 
The following code was written in Mathematica 8.0 to conduct the uncertainty analysis for the parallel 
plate geometry investigating the effect of measuring each physical dimension individually. 
 
Uncertainty Study for the HTTF Gas Sensor Design- Version 1 
Using Method outlined by Coleman in "Experimentation, Validation, and Uncertainty Analysis for 
Engineers" 3rd Edition 
 
(* Constants and Parameters *) 
Cp = 2.04*10^(-11) (* in farads *); 
CTEa = 4.0*10^-6 (* % linear change *); 
CTEg = 4.2*10^-6(* % linear change *); 
Er1 = 1.00005 (* Helium *); 
Er2 = 1.0006 (* Nitrogen *); 
E0 = 8.854*10^-12 (* farads / meter *); 
L = 2.0*0.254 (* meters *); 
S = 0.5*0.0254 (* meters *); 
W = 2.0*0.0254 (* meters *); 
 
(* Governing Equations *) 
Em[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] := (Cp*S*(1 + CTEa*(T - 20)))/(  E0*L*W*(1 + CTEg*(T - 20))^2); 
 
UMF Cp 
UMFCp[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  
 Cp/Em[Cp, S, L, W, CTEa, CTEg, T]* 
  D[Em[Cp, S, L, W, CTEa, CTEg, T], Cp] 
UMFCp[Cp, S, L, W, CTEa, CTEg, T] 
1 
UMF L 
UMFL[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  
 L/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, CTEg, T], L] 
UMFL[Cp, S, L, W, CTEa, CTEg, T] 
-1 
UMF W 
UMFW[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  
 W/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, CTEg, T], W] 
UMFW[Cp, S, L, W, CTEa, CTEg, T] 
-1 
UMF S 
UMFS[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  
 S/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, CTEg, T], S] 
UMFS[Cp, S, L, W, CTEa, CTEg, T] 
1 
UMF T 
UMFT[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  
 T/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, CTEg, T], T] 
UMFT[Cp, S, L, W, CTEa, CTEg, T] 
(E0 L (1 + CTEg (-20 + T))^2 T (-((2 Cp CTEg S (1 + CTEa (-20 + T)))/( E0 L (1 + CTEg (-20 + T))^3 W)) 
+ (Cp CTEa S)/( E0 L (1 + CTEg (-20 + T))^2 W)) W)/(Cp S (1 + CTEa (-20 + T)))   
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UMF CTEa 
UMFa[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  CTEa/Em[Cp, S, L, W, CTEa, CTEg, T]*  D[Em[Cp, S, L, W, CTEa, 
CTEg, T], CTEa] 
UMFa[Cp, S, L, W, CTEa, CTEg, T] 
(CTEa (-20 + T))/(1 + CTEa (-20 + T)) 
UMF CTEg 
UMFg[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  CTEg/Em[Cp, S, L, W, CTEa, CTEg, T]*  D[Em[Cp, S, L, W, CTEa, 
CTEg, T], CTEg] 
UMFg[Cp, S, L, W, CTEa, CTEg, T] 
-((2 CTEg (-20 + T))/(1 + CTEg (-20 + T))) 
 
UMFA[T_] := (CTEa (-20 + T))/(1 + CTEa (-20 + T)) 
UMFG[T_] := (2 CTEg (-20 + T))/(1 + CTEg (-20 + T)) 
UMFts[T_] := ((2 CTEg + CTEa (-1 + CTEg (-20 + T))) T)/((1 +  CTEa (-20 + T)) (1 + CTEg (-20 + T))) 
 
UMFA[1600] 
0.00628031 
UMFG[1600] 
0.0131845 
UMFts[20] 
-0.00016 
UMFts[1600] 
-0.0126599 
 
Plot[UMFG[t], {t, 0, 1600},  AxesLabel -> {"Temperature (C)", "UMF(T)"}]  
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A-2 PARALLEL PLATE UNCERTAINTY ANALYSIS: LUMPED GEOMETRIC TERMS 
The following code was written in Mathematica 8.0 to conduct the uncertainty analysis for the parallel 
plate geometry investigating the effect of measuring all dimensional parameters in one test. 
 
Uncertainty Study for the HTTF Gas Sensor Design- Version 2 
Using Method outlined by Coleman in "Experimentation, Validation, and Uncertainty Analysis for 
Engineers" 3rd Edition 
 
(* Constants and Parameters *) 
Cp = 2.04*10^(-11) (* in farads *); 
CTEa = 4.0*10^-6 (* % linear change *); 
CTEg = 6.0*10^-6(* % linear change *); 
Er1 = 1.00005 (* Helium *); 
Er2 = 1.0006 (* Nitrogen *); 
E0 = 8.854*10^-12 (* farads / meter *); 
L = 2.0*0.254 (* meters *); 
S = 0.5*0.0254 (* meters *); 
W = 2.0*0.0254 (* meters *); 
 
(* Governing Equations *) 
Em[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] := (Cp*(1 + CTEa*(T - 20)))/(  E0*W*(1 + CTEg*(T - 20))^2); 
 
UMF Cp 
UMFCp[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  Cp/Em[Cp, S, L, W, CTEa, CTEg, T]*  D[Em[Cp, S, L, W, CTEa, 
CTEg, T], Cp] 
UMFCp[Cp, S, L, W, CTEa, CTEg, T] 
1 
UMF L 
UMFL[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  L/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, 
CTEg, T], L] 
UMFL[Cp, S, L, W, CTEa, CTEg, T] 
-1 
UMF W 
UMFW[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  W/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, 
CTEg, T], W] 
UMFW[Cp, S, L, W, CTEa, CTEg, T] 
-1 
UMF S 
UMFS[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  S/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, 
CTEg, T], S] 
UMFS[Cp, S, L, W, CTEa, CTEg, T] 
1 
UMF T 
UMFT[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] := T/Em[Cp, S, L, W, CTEa, CTEg, T]*D[Em[Cp, S, L, W, CTEa, 
CTEg, T], T] 
UMFT[Cp, S, L, W, CTEa, CTEg, T] 
(E0 (1 + CTEg (-20 + T))^2 T (-((2 Cp CTEg (1 + CTEa (-20 + T)))/( E0 (1 + CTEg (-20 + T))^3 W)) + (Cp 
CTEa)/(E0 (1 + CTEg (-20 + T))^2 W)) W)/(Cp (1 + CTEa (-20 + T)))  
 
165 
 
 
UMF CTEa 
UMFa[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  CTEa/Em[Cp, S, L, W, CTEa, CTEg, T]*  D[Em[Cp, S, L, W, CTEa, 
CTEg, T], CTEa] 
UMFa[Cp, S, L, W, CTEa, CTEg, T] 
(CTEa (-20 + T))/(1 + CTEa (-20 + T)) 
UMF CTEg 
UMFg[Cp_, S_, L_, W_, CTEa_, CTEg_, T_] :=  CTEg/Em[Cp, S, L, W, CTEa, CTEg, T]*  D[Em[Cp, S, L, W, CTEa, 
CTEg, T], CTEg] 
UMFg[Cp, S, L, W, CTEa, CTEg, T] 
-((2 CTEg (-20 + T))/(1 + CTEg (-20 + T))) 
 
UMFA[T_] := (CTEa (-20 + T))/(1 + CTEa (-20 + T)) 
UMFG[T_] := (2 CTEg (-20 + T))/(1 + CTEg (-20 + T)) 
UMFts[T_] := ((2 CTEg + CTEa (-1 + CTEg (-20 + T))) T)/((1 + CTEa (-20 + T)) (1 + CTEg (-20 + T))) 
UMFA[1600] 
0.00628031 
UMFG[1600] 
0.0187819 
UMFts[20] 
-0.00016 
UMFts[1600] 
-0.0126599 
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A-3 CYLINDRICAL GEOMETRY UNCERTAINTY ANALYSIS: INDIVIDUAL GEOMETRIC TERMS 
The following code was written in Mathematica 8.0 to conduct the uncertainty analysis for the cylindrical 
geometry investigating the effect of measuring each physical dimension individually. 
 
Uncertainty Study for the HTTF Gas Sensor Design- Version 1 
Using Method outlined by Coleman in "Experimentation, Validation, and Uncertainty Analysis for 
Engineers" 3rd Edition 
 
(* Constants and Parameters *) 
Cp = 2.04*10^(-11) (* in farads *); 
CTEa = 4.0*10^-6 (* % linear change *); 
CTEg = 6.0*10^-6(* % linear change *); 
Er1 = 1.00005 (* Helium *); 
Er2 = 1.0006 (* Nitrogen *); 
E0 = 8.854*10^-12 (* farads / meter *); 
Dd = 3.0*0.254 (* meters *); 
RI = 0.5*0.0254 (* meters *); 
RO = 0.75*0.0254 (* meters *); 
 
(* Governing Equations *) 
Em[Cp_, RO_, RI_, Dd_, CTEg_, T_] := (Cp*Log[RO/RI])/(2*\[Pi]*E0*Dd*(1 + CTEg*(T - 20))); 
UMF Cp 
UMFCp[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 Cp/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], Cp] 
UMFCp[Cp, RO, RI, Dd, CTEg, T]  
1 
UMF RO 
UMFRO[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 RO/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], RO] 
UMFRO[Cp, RO, RI, Dd, CTEg, T] 
1/Log[RO/RI] 
UMF RI 
UMFRi[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 RI/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], RI] 
UMFRi[Cp, RO, RI, Dd, CTEg, T] 
-(1/Log[RO/RI]) 
UMF D 
UMFd[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 Dd/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], Dd] 
UMFd[Cp, RO, RI, Dd, CTEg, T] 
-1 
UMF T 
UMFt[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  T/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], T] 
UMFt[Cp, RO, RI, Dd, CTEg, T] 
-((CTEg T)/(1 + CTEg (-20 + T))) 
UMF CTEg 
UMFg[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  CTEg/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], 
CTEg]  
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UMFg[Cp, RO, RI, Dd, CTEg, T] 
-((CTEg (-20 + T))/(1 + CTEg (-20 + T))) 
 
UMFG[T_] := (CTEg (-20 + T))/(1 + CTEg (-20 + T)) 
UMFts[T_] := (CTEg T)/(1 + CTEg (-20 + T)) 
UMFr[RO_, RI_] := 1/Log[RO/RI] 
 
UMFG[1600] 
0.00939097 
UMFts[20] 
0.00012 
UMFts[1600] 
0.00950985 
UMFr[RO, RI] 
2.4663 
 
Plot[{UMFr[1.0, x], UMFr[0.8, x], UMFr[0.6, x], UMFr[0.4, x]}, {x,  0.0, 1.0}] 
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A-4 CYLINDRICAL GEOMETRY UNCERTAINTY ANALYSIS: LUMPED GEOMETRIC PARAMETER 
The following code was written in Mathematica 8.0 to conduct the uncertainty analysis for the cylindrical 
geometry investigating the effect of measuring all dimensional parameters in one test. 
 
Uncertainty Study for the HTTF Gas Sensor Design- Version 2 
Using Method outlined by Coleman in "Experimentation, Validation, and Uncertainty Analysis for 
Engineers" 3rd Edition 
 
(* Constants and Parameters *) 
Cp = 2.04*10^(-11) (* in farads *); 
CTEa = 4.0*10^-6 (* % linear change *); 
CTEg = 6.0*10^-6(* % linear change *); 
Er1 = 1.00005 (* Helium *); 
Er2 = 1.0006 (* Nitrogen *); 
E0 = 8.854*10^-12 (* farads / meter *); 
Dd = 3.0*0.254 (* meters *); 
RI = 0.5*0.0254 (* meters *); 
RO = 0.75*0.0254 (* meters *); 
 
(* Governing Equations *) 
Em[Cp_, RO_, RI_, Dd_, CTEg_, T_] := Cp/(E0*Dd*(1 + CTEg*(T - 20))); 
UMF Cp 
UMFCp[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 Cp/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], Cp] 
UMFCp[Cp, RO, RI, Dd, CTEg, T] 
1 
UMF RO 
UMFRO[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 RO/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], RO] 
UMFRO[Cp, RO, RI, Dd, CTEg, T] 
1/Log[RO/RI] 
UMF RI 
UMFRi[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 RI/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], RI] 
UMFRi[Cp, RO, RI, Dd, CTEg, T] 
-(1/Log[RO/RI]) 
UMF D 
UMFd[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 Dd/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], Dd] 
UMFd[Cp, RO, RI, Dd, CTEg, T] 
-1 
UMF T 
UMFt[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=  
 T/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], T] 
UMFt[Cp, RO, RI, Dd, CTEg, T] 
-((CTEg T)/(1 + CTEg (-20 + T))) 
UMF CTEg 
UMFg[Cp_, RO_, RI_, Dd_, CTEg_, T_] :=   
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 CTEg/Em[Cp, RO, RI, Dd, CTEg, T]*D[Em[Cp, RO, RI, Dd, CTEg, T], CTEg] 
UMFg[Cp, RO, RI, Dd, CTEg, T] 
-((CTEg (-20 + T))/(1 + CTEg (-20 + T))) 
UMFG[T_] := (CTEg (-20 + T))/(1 + CTEg (-20 + T)) 
UMFts[T_] := (CTEg T)/(1 + CTEg (-20 + T)) 
UMFr[RO_, RI_] := 1/Log[RO/RI] 
 
UMFG[1600] 
0.00939097 
UMFts[20] 
0.00012 
UMFts[1600] 
0.00950985 
UMFr[RO, RI] 
2.4663 
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A-5 SCHEMATIC OF SIGNAL BOARD AS TESTED 
  
 
171 
 
 
Schematic Parts List 
Name  Value  Digikey Number    Name  Value  Digikey Number    Name  Value  Digikey Number 
C1  0.01uf  478-5783-1-ND    F1  62 mA  F2307-ND    R4  1.58k  P1.58KDACT-ND 
C2  0.01uf  478-5783-1-ND    F2  62 mA  F2307-ND    R5  100K  P100KCCT-ND 
C3  0.01uf  478-5783-1-ND    J1  PWR IN  A 924-0215    R6  500k  490-2890-ND 
C4  0.01uf  478-5783-1-ND    J2  INST Input  2x A 924-0210    R7  1k  P1.0KADCT-ND 
C5  0.1uF  587-1279-1-ND    J3  TO DAQ  A 924-0210    R8  1k  P1.0KADCT-ND 
C6  0.1uF  587-1279-1-ND    JP1  Bypass  929450-01-36    R9  1k  P1.0KADCT-ND 
C7  0.1uF  587-1279-1-ND    JP2  Bypass  929450-01-36    R10  1k  P1.0KADCT-ND 
C8  0.1uF  587-1279-1-ND    JP3  Bypass  929450-01-36    R11  1k  P1.0KADCT-ND 
C9  1.0uF  587-1281-1-ND    JP4  Bypass  929450-01-36    R12  280  P280CCT-ND 
C10  1.0uF  587-1281-1-ND    JP5    929450-01-36    R13  887k  P887KCCT-ND 
C11  0.22uF  478-3756-1-ND    JP7  Red  5005K-ND    R14  1M  P1.00MCCT-ND 
C12  0.47uF  399-5771-1-ND    JP8  Black  5006K-ND    R15  50k  490-2889-ND 
C13  0.47uF  399-5771-1-ND    JP9  Green  5121K-ND    R16  24k  P24.0KCCT-ND 
C14  1nF  587-1315-1-ND    JP10  Red  5005K-ND    R17  24k  P24.0KCCT-ND 
C15  1nF  587-1315-1-ND    JP11  Red  5005K-ND    R18  4.7k  P4.70KCCT-ND 
C16  10uF  587-2399-1-ND    JP12  Black  5006K-ND    R19  147  P147CCT-ND 
C17  10uF  587-2399-1-ND    JP13  Red  5005K-ND    R20  1k  490-2874-ND 
C18  0.1uF  587-1279-1-ND    JP14  Black  5006K-ND    R21  1.0 K  P1.0KADCT-ND 
C19  0.1uF  587-1279-1-ND    JP15  Red  5005K-ND    R22  1.0 K  P1.0KADCT-ND 
C20  1nF  587-1315-1-ND    JP16  Black  5006K-ND    R23  0K  P0.0ACT-ND 
C21  1nF  587-1315-1-ND    JP17  Red  5005K-ND    R24  0K  P0.0ACT-ND 
C22  1nF  587-1315-1-ND    JP18  Black  5006K-ND    R25  442k  P442KCCT-ND 
C23  1nF  587-1315-1-ND    R1  1.58k  P1.58KDACT-ND    U1  TL084  296-1285-1-ND 
D1  Green  350-1628-ND    R2  1.58k  P1.58KDACT-ND    U3  AD637  AD637BRZ-ND 
D2  Green  350-1628-ND    R3  1.58k  P1.58KDACT-ND    U4  TL082  296-1284-1-ND 
                U5  LF412  296-1284-1-ND 
 